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ABSTRACT
THE HIDDEN FORMS AND FUNCTIONS OF COURTSHIP
IN THE BROWN-HEADED COWBIRD (MOLOTHRUS ATER)
Ammon David Perkes
Marc Franz Schmidt
Reproductive fitness is the result of complex interacting processes, however our
understanding of reproduction is often limited to a few, static male traits. While
conspicuous male traits are very well studied, female behavior has received far less
attention. Furthermore, conspicuous male traits often fail to predict reproductive
success, suggest that there are other important aspects of sexual behavior, however what
these factors are or how they interact remains largely unknown. Brown-headed cowbirds
(Molothrus ater) breed readily in captivity and their copulatory behavior can be evoked
under carefully controlled experimental conditions. By pairing many years of behavioral
observations with careful analysis and quantification of behavior, I identified several
mechanisms guiding courtship and reproduction. Female copulation is directly evoked
by male song, and the strength of the copulatory display reflects signal strength.
Interestingly, the copulatory display is mediated by the variable behavioral state of the
female, suggesting that song alone is insufficient to elicit copulation. Flocks also display
measurable cohesion in the timing of their behavior, transitioning as a group between
singing to males and singing to females, and the strength of this group cohesion predicts
reproductive success for both individuals and the group as a whole. This work shows that
reproductive fitness is far richer than just the quality of male signals and provides a
platform to understand the rich complexity of animal courtship.
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GENERAL INTRODUCTION
Animal courtship is generally viewed in the context of sexual selection, which
Darwin conceived to solve the evolutionary puzzle of male ornaments (Darwin, 1871). He
hypothesized that these conspicuous traits provided males an advantage in acquiring
mates, either when competing with males or courting females, thereby compensating for
the cost of the signal to survival, and sexual selection is central to our current
understanding of animal courtship. However, in stating that conspicuous male traits
were selected by variation in mating, we should not immediately infer that mating
success is primarily driven by variation in conspicuous male traits, nor that mating
success necessarily implies reproductive success. Indeed, many of the male ornaments
studied have no measurable effect on mating success (Griffith et al., 1999; White, King,
et al., 2010), and even fewer predict reproductive fitness (Kimock et al., 2019),
suggesting the existence of factors beyond female preference for male ornaments. What
these mechanisms are and how they interact with male signals remains unclear.
Even classical examples of sexual selection have proven far more complex than
initially assumed. Peacock trains are an obvious example of an ornate, presumably costly
trait that is best explained by sexual selection. A century after Darwin, several studies
began to link variation in tail ornamentation to mating success (Loyau et al., 2005;
Petrie et al., 1991; Petrie & Williams, 1993; Yasmin & Yahya, 1996). Follow-up
experiments showed that the experimental manipulation of male feathers reduced
mating and reproductive success (Petrie & Halliday, 1994). It appeared this was a clear
example of sexual selection, but in 2008, a 7-year study failed to find any correlation
between tail elaboration and mating success (Takahashi et al., 2008), calling prior
1

results into doubt. Other researchers using eye tracking questioned whether females
even paid attention to male trains (Yorzinski et al., 2013), and additional experiments
have shown that the trains had no effect on male locomotion (Thavarajah et al., 2016),
questioning the costliness of large train. A later study concluded that tail elaboration was
important–successfully replicating the early work–but only when comparing males with
normal trains to males with deficient trains (i.e. those missing a large proportion of
feathers) (Dakin & Montgomerie, 2011); within the normal variation of male signals,
there was no effect on mating success or reproduction.
It should not surprise us that it is difficult to link specific traits to mating and
reproductive success. Preferences, behaviors, and sexually selected traits can change
rapidly (i.e. within a few generations) by their nature (B. E. Byers et al., 2010; Uy &
Borgia, 2000). Preferences can vary across populations (Widemo & Sæther, 1999), or be
ecologically dependent (Dougherty, 2021; Jennions & Petrie, 1997). Traits can persist
long after their variation is no longer an important factor in mating success (particularly
if the costs of these traits are not limiting). Even where sexual selection is strong, female
preferences can be multimodal (Ronald et al., 2017; Taylor et al., 2007), non-linear
(Gerhardt et al., 2000), and in many cases females may be selecting for compatibility
(Tregenza & Wedell, 2000), rather than some universal ideal. Sexual behavior is also not
limited to mate selection, the transition into breeding behavior, copulation, and
reproduction all provide additional factors influencing reproductive output (Figure I.1).
This is not to say that male ornaments never predict reproductive success, indeed there
are hundreds of well documented examples where this is the case (Andersson, 1994).
Rather, it is to emphasize that we should not limit our understanding of fitness to fixed
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male signals, nor should we be surprised when such traits fail to predict reproductive
fitness (Kimock et al., 2019; Soma & Garamszegi, 2011).
It is not by chance that the majority of research on animal courtship is rooted in
the theory of sexual selection. To extend Dobzhansky, “without that light, [sexual
behavior] becomes a pile of sundry facts some of them interesting or curious but making
no meaningful picture as a whole.” It is important to establish a theoretical basis for
research, however, the desire to anchor courtship within the framework of sexual
selection creates two pitfalls. First, the theory of sexual selection was conceived to
explain the origin of male ornaments, but as shown, these ornaments are of variable
importance in determining reproductive success in the present, limiting our ability to
predict actual outcomes. The second is more subtle: When viewing courtship only
through the lens of sexual selection, we exclude important behaviors (see Figure I.1) that
do not fit within Darwin’s definition–which applies specifically to mating success,
excluding other aspects of reproductive fitness.
Definitions
Before proceeding, it is important clearly establish the different aspects of
reproductive behavior that I will discuss. Throughout my dissertation, I use the terms
mating, courtship, copulation, and reproduction. These terms are sometimes used
interchangeably, but they each refer to distinct behavioral events:
Reproduction is the successful siring of offspring. The simplest measure of
reproductive fitness is number of offspring surviving to sexual maturity.

3

Figure I.1 The multiple axes of reproductive fitness
Animals produce signals which serve to optimize reproductive fitness over the course of
the breeding cycle. Top row photos depict (left) “death-spiral” displays used by eagles in
pairbond formation (photo credit, Jon McRay), (center) copulation, which in bald eagles
occurs after mating and nest construction is complete, and (right) reproductive output
(in this case 1 cowbird egg among 5 eastern phoebe eggs). Bottom row photos depict
(left) rutting behavior which both stimulates females to transition to breeding and
functions in intra-male competitions for mats and (right) male singing to a female
cowbird, who produces a copulation solicitation display (photo credit, H. Anderson).
Blue text boxes are included in my definition of courtship.
Copulation is the transfer of gametes through sexual contact (generally in the
form of sperm from the male to the female). It does not necessarily imply reproductive
success (Birkhead & Pizzari, 2002; Hunter et al., 1993).
Mating refers to the selection of copulatory partners but is not synonymous with
copulation. Many species select a mate days or weeks prior to copulation. Some species
mate for extended periods of time, forming (moderately) exclusive pairbonds (Griffith et
al., 1999), and may cooperate to raise young and perform other survival behaviors. Other
4

species may only “mate” when they copulate, after which they continue separately,
perhaps mating with several other individuals. Here, regardless of the nature of
partnership, the selection of a copulatory partner is mating. Thus, when a female
engages in extra-pair copulations, she has simply chosen an additional mate.
Courtship: Given that mating, copulation, and reproduction are different and
there are distinct behaviors associated with each, we must determine which behaviors
should be considered courtship. Courtship is often used without being defined, and,
when defined, has been used differently by different authors (see Table I.1).
Table I.1 The varying definition of courtship
Reference

Definition

Morris, 1956

“The heterosexual reproductive
communication system leading up to the sexual act”

Loffredo & Borgia, 1986

“We define courtship displays as those displays
that are typically directed at a female”

Eberhard, 1991

“It should be kept in mind that definitive
demonstration that a behaviour functions as courtship
requires demonstration that females respond to the
behaviour in ways which increase the male’s reproductive
success”

Nelson & Jackson, 2009

“We define ‘courtship’ as intersexual
communicatory behavior that forms the normal
preliminaries to mating”

Riters & Alger, 2011

“In this chapter, we define courtship behaviors as
those occurring between a male and a female at close
proximity and that persuade a member of the opposite sex
to copulate.”

Longpre et al., 2011

“We define courtship as male repetitive behaviors
which occur toward the female prior to mating.”

C. Quigley & Fusani, 2018

“Courtship can be defined as the behaviour used to
obtain copulation with a partner, or to maintain
reproductive interactions with an existing partner”
5

Courtship is frequently defined simply as behaviors which promote mating (i.e.
sexual partner selection). This definition is straightforward, but it excludes many nonmating behaviors that contribute directly to copulation and reproduction success. For
example, bald eagles famously perform “death-spirals” (Figure I.1a) while forming
pairbonds, but there are a range of behaviors (including nest building and specific
vocalizations) that occur after the pairbond is formed and precede copulation (Hancock,
2018; Retfalvi, 1961). Many species perform behaviors after mate selection to increase
the frequency or success of copulation (a pattern best described by Lehrman, 1964 for
ring-doves, which mate for life but also perform a “bow-coo” display which stimulates
the female to copulate). Even after copulation, many animals continue to perform
behaviors which serve to increase the probability reproductive output (either by
additional partner stimulation to promote reproduction (Eberhard, 1991), or by quickly
reducing partner receptivity to prevent extra-pair copulations (Allen et al., 1994;
Seidelmann, 2014)). Aside from excluding these behaviors, limiting courtship to
acquiring a mate divorces courtship from fitness, as reproductive output can vary
significantly across mated pairs (Gowaty et al., 2003). Arguably, courtship could also
include signals which serve to increase partner investment in parental care (Boucaud et
al., 2017; C. A. Hinde, 2006), however parental care is already a clearly defined category
of behavior the gains little from being combined with courtship, thus for my purposes,
courtship concludes with reproduction.
Just as courtship can extend after mating, inter-sexual communication occurs
well before mate selection begins: In many species, individuals produce signals which
serve to promote the transition to breeding and pairbonding (Brockway, 1965; Calabrese
et al., 2018). Many of these are the same behaviors used for mate acquisition (for
6

example, the vocalizations of budgerigars (Brockway, 1965)) strengthening the argument
for including these pre-mating behaviors as courtship. Even prior to breeding periods,
there are behaviors which serve to facilitate group formation (Buck & Buck, 1978; Butler
IV et al., 1999; Fletcher, 2007), and in many species, group formation has downstream
effects on reproductive success (Koenig, 1981; S. Pickering et al., 1992; Van Noordwijk &
Van Schaik, 1999), however group formation is already a well-defined category of
behaviors and need not directly relate to reproduction, so it is excluded here.
For my purposes, I will label as courtship any behavior that conveys information
between possible mating partners and functions to optimize reproductive output. Thus,
male displays when soliciting mates are examples of courtship (Andersson, 1994), but so
are subtle female behaviors that attract male attention (West & King, 1988a), as are
behaviors that serve to stimulate an established pairbond to copulate (Lehrman, 1964;
Wachtmeister, 2001), or to increase reproductive output through post-copulatory
stimulation (Eberhard, 1991). Indeed, even male-male interactions, if they are overheard
by and have an effect on females, are here defined as courtship. Some may chafe at such
a broad definition of courtship, but I argue that these behaviors fit within the general
notion of courtship, and explicitly defining courtship to include them is preferable to
inventing a new category which includes all reproduction-oriented inter-sexual signaling.
Signalers, receivers, and courtship skill
Independent of the chosen definition, courtship is usually discussed as a game of
signalers and choosers, in which males produce dramatic signals in order to solicit and
stimulate females to mate while females observe these signals and select the best male
available. Courtship is thus reduced to a competition among males to produce the best
possible signals so as to be selected by females, the intended receivers of their signals.
7

This competition is the essence of sexual selection, and there are many excellent
examples that do fit this paradigm (Andersson, 1994; Catchpole, 1987; Coltman et al.,
2002).
These male signals (and the associated female preferences for them) may be the
most salient aspects of courtship, but it is not clear whether they are the most influential.
Returning to the peacock’s tail, while it is certainly the most obvious aspect of courtship,
we have learned that variation in the tail is often inconsequential and has perhaps
distracted us from understanding what mechanisms are actually determining fitness
(e.g., vocalizations (Yasmin & Yahya, 1996) or feather motion (Dakin et al., 2016)).
Certainly, the focus on males has diminished the active role of females in courtship
across species (reviewed in Chapter 1), but even if we assumed that males are the sole
active participants, it is becoming increasing clear that behavioral variation predicts
courtship activities far better than static male traits (Jones et al., 2014; Wilson et al.,
2008). Rather than a simple ranking of male signals, courtship appears to be a skillful
behavior, in which males and females influence conspecifics through the performance of
precise, context-specific behaviors, which in some species must be learned through social
experience. By first recognizing the limitations of static traits and identifying and
quantifying courtship behaviors, we can begin to address the essential question: what
does determine reproductive fitness?
Cowbirds
In this dissertation, I will address this question using brown-headed cowbirds
(Molothrus ater) as a study system. Brown-headed cowbirds possess several useful traits
for study, and they have proven to be a powerful system for understanding female
8

preferences and male signals. They are discussed in greater detail in Chapter 1, so I will
only briefly highlight here a few particularly relevant traits.
First, and most infamously, cowbirds are obligate brood parasites, meaning they
only obtain offspring through laying eggs in other birds’ nests and leaving them to be
raised by host parents. As far as has been demonstrated, cowbirds provide no parental
care beyond selecting an appropriate nest. This is a fascinating topic in itself, however
for my purposes, this is relevant because without the limitations of nest building and
parental care, cowbirds lay a high–and highly variable–number of eggs (between 1 and
40 throughout a single season), making them an excellent system for studying variation
in reproductive output. In contrast, most songbirds lay a single clutch of 2-5 eggs
(although some songbirds can lay multiple clutches per year).
Second, cowbirds are highly gregarious and are well adapted to life near humans.
This makes them easy to capture, as they are readily available and are strongly drawn to
congregate with other cowbirds. In fact, they will readily enter (and re-enter) traps
containing cowbirds. Being far less territorial than most songbirds, they readily engage
in courtship behaviors in captive groups, even in small aviaries. Because of this, their
courtship has been studied in captivity for more than forty years and provided many
insights into the nature of courtship in social species (West et al., 1981a).
Finally, and most importantly for my work, females respond strongly to
presentations of male song with innate courtship behavior, including subtle wing
motions called wingstrokes, broadband “chatter” vocalizations, and the copulation
solicitation displays (CSD). This latter display is produced in response to song and is
necessary for copulation to occur. The females high innate responsiveness to song may
be a consequence of their brood parasitism, as juveniles cannot rely on imprinting to
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their parents. Regardless of the reason, female cowbirds are an ideal system for studying
innate copulatory responses to male song and unlike many species, produce this
copulatory display (which is discussed in great detail in chapter 2) without hormonal
manipulation, even in remarkably varied conditions.
Cowbirds are not without their drawbacks: their brood parasitism makes them
extremely difficult to raise in captivity, requiring either host parents or hand rearing
from when eggs are laid in nests. This means all individuals I used were wild caught, and
I had little information about the prior life experience or even the age of most of the
birds I used. Additionally, as seasonal breeders, most experiments are limited to a 2month window, providing little margin for error. Despite these constraints, the ease of
observing and stimulating courtship behavior makes cowbirds a powerful experimental
system for investigating the mechanisms that guide courtship and reproduction.
Dissertation chapters
My dissertation focusses on two essential questions: 1) How do female songbirds
control their reproduction; and 2) How do males in turn influence females. By drawing
on new experimental approaches and thorough analyses of existing data, I investigate
the behavioral factors that drive these questions, and infer some of the mechanisms
which must drive these behaviors–both in the context of the evolution of behaviors
themselves and in the neural circuits which underly them.
In Chapter 1, I review sexual selection, vocal learning, and the nature of songbird
courtship. In particular, I discuss the role of female songbirds in courtship. Females have
generally been less studied in favor of the dramatic vocal and postural displays of males.
I review prior research suggesting that a then supposedly male brain region also exists in
females and regulated female courtship behavior. Additional experiments showed that
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females, despite having less dramatic signals, are vital in shaping the formation of social
networks, including the male hierarchy. It was these findings that captured my interest
in songbird courtship, and this chapter seeks to lay the foundation for an investigation
into the neural and behavioral mechanisms of courtship by females. I also propose a
neural pathway that links the song system to female copulatory behavior. Although the
specifics of this latter part are far less important to the content of my dissertation, the
context strongly informed my experimental designs, and I will return to this question in
the conclusion to discuss what we can learn based on my findings.
In Chapter 2, I perform a detailed analysis of the copulatory posture that female
songbirds produce in response to song, assessing how the frequency, timing, and
trajectory of the response varies across experimental presentations. I show that male
song directly drives the copulatory response in females, but that response strength varies
not just with the quality of the male signal presented, but also the underlying behavioral
state of the female, highlighting the complexity of courtship interactions, and
contradicting some of my hypotheses laid out in Chapter 1.
Chapter 3 is organized as a brief report. Using behavioral data gathered in large
aviaries, I assess whether cowbird courtship is an organized, collective behavior. In
particular, I test whether the cohesion of male behavior explains variation in female
reproductive output and find evidence to suggest that group cohesion of male singing
predicts fitness, suggesting that individual success is influenced by group-level behavior.
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Authorship Statement
All chapters in this dissertation correspond with manuscripts for which I am the
first author, however all are the result collaborations with other researchers, without
which none of this work would be possible. Here I quickly outline my specific
contributions to each chapter.
In Chapter 1, I led the literature review and writing process and designed and
produced all but one of the figures. My co-authors David White, Martin Wild, and Marc
Schmidt contributed additional references, and offered vital feedback during revisions.
Schmidt and Wild were largely responsible for the section and figure on neurobiology.
For Chapter 2, I led and was primarily responsible for the experimental design,
data gathering, data analysis, figure generation, and writing process. Bernd Pfrommer
was instrumental in the construction and design of the 4-camera apparatus and software
for capturing data and contributed significantly to computer vision code. David White
contributed a large amount of data he had previously gathered. Kostas Daniilidis
provided valuable feedback on and resources towards the computer vision approach.
Marc Schmidt helped conceive the experimental design and provided feedback
throughout the process of writing and figure generation. All authors reviewed the final
manuscript and offered feedback.
While I am the sole author on Chapter 3 (which has not yet been submitted for
publication) and performed all of the analysis, writing, and figure design, it depended
largely on data gathered by David White, and greatly benefited from feedback from
David White, Marc Schmidt and H. Luke Anderson, especially for deciding the analytical
approach and conceptual framework.
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Appendices
Although I offered a significant contribution to the two publications included as
appendices, both were the primary work of their respective first authors, who took the
lead on writing these manuscripts.
For Appendix A, I designed and performed a large portion of the analysis, codesigned and co-implemented the playback experiments, and created the figures. For
more information, see “Author Contributions, p. 163”
For Appendix B, I was central in the conception of the aviary project, the
implementation of the aviary, capturing and maintaining the animals used, and
gathering and labeling the data used for this project; however the idea, the analysis, and
the publication of the results were primarily driven by Marc Badger in collaboration with
Yufu Wang (along with all other authors on the paper) and all of us reviewed the
manuscript and provided feedback.
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CHAPTER 1: FEMALE SONGBIRDS, THE UNSUNG DRIVERS OF COURTSHIP
BEHAVIOR AND ITS NEURAL SUBSTRATES
This section refers to work in Ammon Perkes, David White, Martin Wild, Marc Schmidt.
2019 “Female songbirds, the unsung drivers of courtship behavior and its neural
substrates”, Behavioral processes 163, 60-70.
Abstract: Songbirds hold a prominent role in the fields of neurobiology,
evolution, and social behavior. Many of these fields have assumed that females lacked
the ability to produce song and have therefore treated song as a male-specific behavior.
Consequently, much of our understanding regarding the evolution and neural control of
song behavior has been driven by these assumptions. Here we review literature from
diverse fields to provide a broader perspective of the role of females in vocal
communication and courtship. Recent evidence indicates that song evolved in both
males and females and instances of female song are still common. The specialized neural
circuit known as the “song system,” which is necessary for singing in males, is also
present in females, including those that do not sing, implying broader functions that
include evaluating male song and controlling courtship behavior. In addition to having
flexible, individualized preferences, females actively shape their social network through
their interactions with males, females, and juveniles. We suggest that by developing
more accurate hypotheses concerning the role of females we may better understand the
evolution and neural mechanisms of song production and courtship behavior.
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1.1 Introduction
Songbirds (birds of the group Passeri) have been central to ecological and
evolutionary thought for centuries and are one of the few groups of animals with learned
vocalizations (alongside humans and a few others (Nottebohm, 1972; Nowicki & Searcy,
2014)). The identification of a specialized neural circuit for song production (often called
the “song system”) has made songbirds an important model for the study of vocal
learning (Brainard & Doupe, 2013; Doupe & Kuhl, 1999) and motor control (Suthers &
Margoliash, 2002). Throughout the history of songbird research, particularly amongst
neurobiologists, much of the focus has been on active signaling by males. Females, in
contrast, were viewed primarily as signal receivers and choosers (Nottebohm & Arnold,
1976; Searcy & Andersson, 1986). This view has likely biased the study of courtship
behavior and its neural bases to overlook the importance and complexity of female
behavior (Jennions & Petrie, 1997), beyond its established role of driving evolution
through mate-choice (Trivers, 1972). Increasing evidence suggests that female song is
much more prevalent than once believed (Langmore, 2000; Odom et al., 2014; Riebel et
al., 2005). This has far-reaching implications for how we understand the evolutionary
origins of the avian communication system, even for species where female song has been
lost (Price, 2015; Riebel, 2016). Here we review literature from various disciplines,
focusing on the active role non-singing females play in mating interactions, the putative
neural circuits that support and modulate these communicative behaviors, and the role
that female behavior plays in driving social interaction.
1.2: The evolution of female choice
Females generally must invest more in their own offspring than males (Trivers,
1972) and therefore have strong incentives for selectivity in their mating choices.
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Assuming females can choose with whom they mate, these choices become a strong
selective factor on males, driving male characteristics within the population in the
direction of female preferences. This simple model was proposed by Darwin and more
rigorously developed by Fisher as a mechanism to explain traits which otherwise
appeared maladaptive under natural selection (Darwin, 1859; Fisher, 1930).
In songbirds, female mating preferences for particular variants of male song (e.g. trill
length, frequency modulation, etc.) are well documented (Searcy & Andersson, 1986;
Suthers et al., 2012; Vallet & Kreutzer, 1995; Woolley & Doupe, 2008), and female
selection of song quality is one of the classical examples of female choice and sexual
selection (Andersson, 1994; Bateson, 1983).
While this model is appealing in its simplicity, it fails to capture the interactive
nature of courtship or the full scope of female behavior beyond choosing the suitor with
the best displays. While the selective pressure of female mate choice certainly drives
male phenotypes over generations, females can also instantaneously alter male behavior
through active feedback (West and King, 1988). In addition, males bear significant costs
in reproduction (e.g. parental care, STD exposure, male–male competition, risk of
predation, etc.) and male preference therefore acts as an important selective force on
females (Amundsen, 2000; Hill, 1993). Finally, females often display behaviors
unrelated to courtship, competing for territory and resources with both males and other
females (Hobson & Sealy, 1990; Johnson, 1988; Rosvall, 2011) Given these complexities,
precise identification of courtship behavior is challenging and models of female choice
must account for the extent and diversity of female behavior.
Careful study of female mate choice reveals that female assessment strategies are
often plastic and influenced by a diverse set of variables. In addition to song, females
16

attend to a range of features, including male coloration (Hill, 1991), active courtship
displays (Borgia, 1995), territory (Alatalo et al., 1986) (reviewed in Jennions & Petrie,
1997) and even observed interactions between other males and females (King, West, et
al., 2003). Their preferences do not necessarily remain constant across, or even within,
individuals, with females often exhibiting a range of individual (Holveck & Riebel, 2010),
plastic (Freed-Brown & White, 2009) preferences, which they act upon to shape and
attain their desired mating outcomes (Maguire et al., 2013; West & King, 1988b, 1988a).
Given these complications, it is perhaps unsurprising that little is known regarding the
mechanisms underlying female song preference and response, particularly in
comparison to our understanding of song production in males. However, recent studies
continue to clarify the role of females in song interactions.
1.2.1: A broader picture of song evolution in males and females
Birdsong is defined as a complex, learned signal, generally used to attract mates
and compete with rivals. Based on comparative phylogenetics, birdsong evolved in the
tropics and was present in both males and females (Figure 1.1) (Odom et al., 2014; Webb
et al., 2016). This contradicts the long-held idea that song evolved as a uniquely male
trait (Andersson, 1994; Darwin, 1859), and that instances of female song are rare and
derived. While the prevalence of female song does not necessarily contradict the
hypothesis that song is a sexually selected male ornament–given that traits selected in
males can easily persist in females–it does indicate that our understanding concerning
the emergence of song may be incomplete.
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Figure 1.1 Phylogenetic comparison of singing in male and female songbirds
This phylogenetic tree illustrates the distribution of female song production across
songbirds. While the common assumption is that female song is exceptionally rare,
phylogenetic reconstruction demonstrates that female song is the ancestral trait. Left,
Wedges correspond to the percentage of species, per family, that exhibit some degree of
female song (red, percent present, blue, percent absent). In the original phylogenetic
analysis by Odom et al. (2014), the presence of song in both sexes was found to be the
most likely ancestral condition. In 71% of all oscine species for which data was available
(excluding the parvorder passerida, see below), females exhibit some degree of song
production, albeit reduced. Despite the prevalence of female song, observational biases
in the birds surveyed and prior expectations likely facilitated the idea that only males
sang. Right, the parvorder Passerida includes roughly two-thirds of songbird species, but
as the most recent radiation, contributes less than 1% toward the ancestral
reconstruction, and was thus excluded from the analysis by Odom et al. In the majority
of commonly studied songbird species, female song is absent or dramatically reduced,
particularly in temperate regions. In many cases, where female song is present, it is
significantly quieter than male song, and may often go unnoticed (Dabelsteen et al.,
1998). More recently Webb et al. (2016) performed an expanded analysis, including
passerida, and reported female song in 64% of oscine species surveyed. Note that species
count per family is not represented here, see Odom et al., 2014 for original figure and
data. Song levels for the song swallow, Eurasian skylark, Eurasian blue tit and chickadee,
and barn swallow Eurasian blue tit and chickadee, Eurasian skylark, barn swallow, and
song swallow based on (Arcese et al., 1988; Cresswell, 1994; R. A. Hinde, 1952; Samuel,
1971) respectively; all others from (MacDougall-Shackleton & Ball, 1999). Phylogeny was
constructed using BirdTree.org (Jetz et al., 2012), based on (Hackett et al., 2008).
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Females in the majority of species of passeri sing (Webb et al., 2016) and many of
them produce song for courtship and competition (Langmore, 1998). Song production
was even shown to increase in females experimentally subjected to heightened female–
female competition (Hobson & Sealy, 1990; Langmore, 1998), in one case surpassing the
song rate of males (Illes & Yunes-Jimenez, 2009). However, it appears that female song
is reduced in many species, having been secondarily lost. In some this loss can be
complete, as it is in the zebra finch, which is the best studied model of song production.
In many other species, female song is either significantly reduced compared to males (as
in canaries (MacDougall-Shackleton & Ball, 1999) or produced at very low volumes, with
these female “quiet songs” often going unnoticed (Dabelsteen et al., 1998). The loss of
song appears to correlate with dispersal into temperate regions, and is perhaps a
response to different environmental pressures (nest competition, predation, etc.)
favoring more furtive females, as argued by Wallace (Wallace, 1891). In New World
Blackbirds (Icteridae), for example, parsimony estimates suggest that song has been lost
or reduced multiple times in females, correlating with migration to temperate climates
(Price et al., 2009). Interestingly, this suggests that sexual dimorphism may be the result
of female-specific adaptations to reduce ostentatious signals rather than male-specific
adaptations to produce them (Price, 2015).
While female song remains more prevalent than widely believed, particularly in
the tropics, large radiations of Passerida (in which female song is commonly reduced or
absent) and a temperate bias in bird observations have facilitated the belief that learned
vocalization is a uniquely male trait (Figure 1.1). This, in turn, made it natural to
conclude that birdsong was a male ornament driven by sexual selection. Given our
current understanding of the role of song in females, it may be beneficial to revisit this
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assumption. It is possible song evolved through alternative evolutionary incentives,
perhaps being adaptive in both males and females.
One alternative theory is that learned vocalizations provide benefits by enabling
increased social complexity (Freeberg et al., 2012; Nowicki & Searcy, 2014). Empirically,
vocal learning appears primarily in highly social species (humans, dolphins, bats,
songbirds, etc.) and likely allows for a greater complexity–and therefore variety–in the
types of vocal signals that can be produced. While this variety could simply be the signal
preferred by females, it could also provide social benefits allowing for a greater ability to
navigate (and benefit from) social interactions. In the case of songbirds, it is important
to note that social complexity does not necessarily imply gregariousness. While many
species do live in hierarchical communities (e.g. icterids, corvids and various species of
finches; reviewed in (Emery et al., 2007; Silk et al., 2014)), many species are highly
territorial to the point of being solitary (Lack, 1968). That said, complexity can exist even
in individual (particularly repeated) interactions. Social monogamy, for example, which
is common across many bird species, requires increased complexity of interactions
(Emery et al., 2007; Freeberg et al., 2012) and territoriality, which is itself a social
structure, requires individuals to properly interact with neighbors over the course of
repeated interactions. Further study is needed to understand how these interactions are
mediated by song learning and to what extent they influence fitness.
Experimental observations have confirmed a relationship between sociality and
fitness in at least some songbirds. In a communal species of cowbird, prosocial birds do
better in breeding tournaments (Gersick et al., 2012) and sociability correlates with
reproductive performance (Kohn et al., 2013; White, King, et al., 2010). In this lineage,
song likely was influenced by a need to navigate a complex social landscape. While social
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navigation is unlikely to be the only adaptive feature of birdsong, it could have been a key
component of song evolution, and it highlights the need to account for the broad
function of song and the many likely factors that shape it.
1.2.2: The neurobiology of song
In most songbirds, vocal learning can be divided into two, often-overlapping
phases: a sensory learning phase and a motor phase. The song must first be memorized
from a tutor or peers and then must be produced in a way that matches the acquired
song template. This process requires a specialized neural circuit known as the “song
system” (Figure 1.3). In practice, this neural circuit can be broken down into three
distinct functional modules: an auditory module handling higher order representations
of sound (Vates et al., 1996), a brainstem module that drives the muscles necessary for
respiration and vocal control (Wild, 2008), and a vocal-motor module that links the two
together (Nottebohm et al., 1976). There is an additional module, known as the anterior
forebrain pathway, which is necessary for dopamine-dependent reinforcement-learning
during song acquisition and maintenance (Brainard & Doupe, 2013; Fee & Goldberg,
2011). In most species, female song regions are reduced in size compared to males and
the volume of these regions (mostly) correlates with song production in their respective
species (Ball, 2016; MacDougall-Shackleton & Ball, 1999). Surprisingly, however, these
regions persist in non-singing females. Some have suggested that these regions are
vestigial in females (J. Wade & Arnold, 2004), or the result of developmental constraints
(Arnold & Gorski, 1984). Increasing evidence, however, suggests that these views are
incorrect and that the “song system” plays a significant role in non-singing females to
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control behavioral features that can range from call timing (Benichov et al., 2016) to
control of copulatory behavior (see below).
Given the shared common evolutionary history and the similar requirement for
song recognition (e.g. identification of their pair mate’s song) followed by context
appropriate motor action (O’Loghlen & Rothstein, 2004; Vignal et al., 2008), it is
perhaps not surprising that females, including non-singing females, possess a “song
system” that might help them establish song selectivity within the context of courtship
behavior. Given such a system, we might predict the development of female song
responses to be similar to the development of song in males, including the necessity for
social context during preference learning, some degree of malleability during early life,
and some degree of preference crystallization after sexual maturity.
1.2.3: Non-singing females signal preference with posture
For non-singing females, the correct motor response to song often manifests
itself as postural motion–although non-learned female vocal responses are also
important signals (Benichov et al., 2016; Freed-Brown & White, 2009). Female
responses to song can be measured to test song perception. Females can signal
preference by their willingness to approach rather than flee male courtship, and various
studies have measured female affinity for different signals (Lauay et al., 2004; RemageHealey et al., 2010b). There also seems to exist a variety of more subtle motor cues that
signal female preference, such as the wingstrokes reported by West and King, but these
behaviors have proven difficult to study (West & King, 1988b, 1988a). In many species,
females produce a dramatic posture in response to preferred male song, called the
copulation solicitation display (CSD). This posture both solicits and facilitates the act of
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copulation. Immediately following the initiation of CSD, the male mounts the female and
copulation is accomplished through contact between the male and female cloacae.
When housed in sound isolation chambers, females of some species produce CSD
in response to recordings of male song, provided they are in breeding condition. In such
species CSD can be used to test female preference for song stimuli (King & West, 1977;
Searcy & Marler, 1981). This protocol can be expanded to create a more detailed
representation of song selectivity. While individual responses are variable, when a large
set of different songs are presented over several days, female preference can be measured
by quantifying the frequency with which they produce CSD to the various male songs
(Figure 1.2) (Maguire et al., 2013).

Figure 1.2 Song selectivity of the copulation solicitation display
The copulation solicitation display (CSD) signals female willingness to mate and enables
copulation. When housed in soundproof chambers, female cowbirds produce CSD in
response to playback of male song. This behavior can be used as a bioassay for female
song preference Top, Copulation solicitation display in a cowbird. During CSD, the
female arches her back to raise her torso, and spreads the posterior feathers to expose
the cloaca. Continued on next page.
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Figure 1.2, continued: Bottom, Females produce CSD more frequently for some
songs than others. The rate at which females produce CSD reveals preference for each
song. Here, the averaged responsiveness of 8 females for ten different male songs is
shown, sorted by quality. While individual variation exists, there is broad consensus
concerning song quality (see Maguire et al., 2013).

1.3: Social malleability of female song preferences
Female preferences have typically been considered a means for females to select
quality males based either on direct benefits (e.g. territory, parental care, nest defense)
or indirect benefits (i.e. good genes (Andersson, 1994)). In comparison to male variation,
little attention has been given to how song preferences may vary across or within
individuals: if female song preferences evolved to obtain a single best mate, and if each
female could obtain the same optimal male, preferences need not vary. However,
investigations across a wide variety of species have documented extensive variation in
female preferences (Jennions & Petrie, 1997). One important driver of preference
variation is the social interaction with conspecifics.
In females, adult preferences are influenced by a range of social experiences
throughout life, beginning with very early (even prenatal) social conditions (Laland,
1994; Payne et al., 2000; Ten Cate et al., 1993; Ten Cate & Bateson, 1988). For example,
in brood parasitic village indigobirds (Vidua chalybeata), both males and females
imprint on the song of their individual foster parents. Adult males produce songs similar
to their foster parents and females come to prefer such songs (Payne et al., 2000). In
addition to imprinting, females are affected by experiences that occur throughout
development (Adkins-Regan & Krakauer, 2000; Dooling, 1982; Riebel, 2000, 2003;
White, 2004; Woolley & Doupe, 2008). In zebra finches raised without exposure to adult
male song, for example, females develop a range of abnormal preferences that include
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preference for same-sex partners over partners of the opposite-sex (Adkins-Regan &
Krakauer, 2000).
Female preference is also subject to experiences occurring near mating events, as
demonstrated in the (non-songbird) Japanese quail, where females show enhanced
preferences for males seen mating with other females (Westneat et al., 2000; White,
2004; White & Galef, 1999). Similar results were observed in zebra finches (Swaddle et
al., 2005) and cowbirds (Freed-Brown & White, 2009; Swaddle et al., 2005). Preferences
can be further altered by individual physiological conditions (Holveck & Riebel, 2010) or
recent exposure to males of differing quality (Lyons et al., 2014). Taken together, these
effects indicate that female preference is plastic and subject to both developmental
imprinting and individual learning. Establishing this plasticity likely requires a complex
interaction of physiological and neural systems which are adjusted based on individual
experience over a variety of time scales.
1.3.1: Cowbirds as a model system
While female preference has been studied in a variety of songbirds and other
systems (reviewed in Jennions and Petrie, 1997, Cotton et al., 2006), we will focus here
primarily on the body of research concerning malleability of preference in the brownheaded cowbird (Molothrus ater). Cowbirds have been the subject of extensive studies of
how social experiences influence mate preferences. At first, this species may seem an
unlikely model for this purpose because cowbirds are obligate brood parasites (that is,
they lay their eggs in the nests of other birds, who raise the cowbird hatchlings
themselves) and therefore they lack normal opportunities for sexual imprinting.
However, extensive examination has shown that cowbirds require social experiences to
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develop appropriate communication and social skills just as other birds do. Given their
abundance, ease of capture, and their ability to live and breed in captivity without stress,
cowbirds serve as an excellent model system for studying the formation of preference in
a controlled setting.
Based on their unique life history, cowbirds were presumed to be a prime
example of species with genetic, non-malleable preferences, providing females the ability
to locate and mate with male cowbirds without requiring imprinting (Mayr, 1974).
Indeed, early examinations of female cowbird preferences supported this idea, with
young female cowbirds expressing species-typical preferences in their first breeding
season regardless of prior exposure to males (or lack thereof) (King & West, 1977,
1983b). The same females also showed high levels of concordance in their preferences for
variants of cowbird song. That is, all females responded in similar patterns to song
presentations. Early attempts to modify these preferences failed. For example, exposing
females in sound chambers to songs from males with a different dialect failed to change
their preferences (King & West, 1977, 1983b; West & King, 1988b, 1988a).
1.3.2: Malleability of female choice
The first piece of evidence of malleability in preferences appeared in playback
tests, in which male song quality is judged by its ability to produce CSD in females
housed in sound attenuation chambers (King & West, 1977). In these experiments, a
song’s attractiveness depended on the other songs in the series being played. A song
might elicit very few CSDs when played with other, highly attractive songs, but that same
song elicits high levels of CSD when grouped with less attractive songs (King et al., 1981;
King & West, 1983a)). A song’s ability to elicit CSD therefore is relative to the songs
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around it, demonstrating that female preference for a male is relative to her exposure to
the songs of other males.
Social experiments further reveal malleability of preference. Juvenile females
raised in social groups with adult females (i.e. without males) have broad song
preferences and show little concordance (King, West, et al., 2003; West et al., 2006;
White et al., 2006). This contrasts with isolate females which, as mentioned, agree on
song quality. This suggests that juveniles are learning song preferences by observing
other females. We might expect preference learning to produce greater concordance
rather than greater diversity; however, just as in vocal learning, preference learning
causes a greater range of complexity beyond what would otherwise be innate, genetic
traits.
This preference learning can be studied experimentally by providing artificial
social feedback. Adult females typically produce chatter calls in response to their pair
mate’s song. When females housed in aviaries are presented with a series of novel male
songs paired with chatter calls immediately prior to the breeding season, then tested for
preference during the breeding season, they produce CSD more frequently in response to
those songs compared to females that are presented the same songs without paired
chatter (Freed-Brown & White, 2009). These experiments suggest that chatter calls help
account for the variation in preference learning previously observed in females, biasing
them towards the song of successfully paired males.
As shown, when song preferences are examined with respect to the social system
in which mate selection occurs, it is clear that preferences are plastic rather than fixed. It
is important to note that malleability of female preference is not limited to cowbirds, and
has been demonstrated in other species of songbirds (Riebel, 2000; Riebel & Slater,
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1998) and non-songbirds (White & Galef, 1999). Females appear to integrate song
quality with other characteristics–including coloration, male postural displays, male–
male or male-female interactions, song performance, and endurance ((J. Byers et al.,
2010; Hebets & Papaj, 2005; O’Loghlen & Rothstein, 2004; Ronald et al., 2017;
Rothstein et al., 1988; White, 2004; White, Gersick, et al., 2010) . This plasticity has
implications for both the mechanisms underlying CSD reactivity as well as the evolution
of female choice. From a mechanistic perspective, these results imply that a wide variety
of inputs mediate CSD reactivity and that reactivity changes across circumstances and
experience. To modulate CSD in such a way likely requires a neural circuit that can
integrate many inputs which converge onto a dedicated brainstem circuit for the
production of the copulatory response.
1.4: A putative neural circuit for csd production and mate choice
The neural mechanisms that underlie CSD production and its selectivity in female
songbirds have not been studied in a rigorous fashion and as such the precise neural
circuitry for this behavior remains poorly understood. Given the similarity of CSD
behavior to the lordosis response in mammals, there is a strong likelihood that
homologous circuits in the brainstem and spinal cord are engaged during CSD behavior.
Furthermore, because CSD is a hormonally dependent behavior that can be driven by
song, selectivity of this behavior likely requires higher-order auditory processing linked
to a neural system that connects directly to brainstem networks that control CSD. The
song system is a strong candidate circuit for connecting auditory forebrain circuits to the
brainstem (Figure 1.3). Experimental evidence supports a fundamental role of this
circuit, showing that lesions of key song system nuclei in the forebrain modulate CSD
selectivity in response to song. Below, we describe anatomical and physiological evidence
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to support the existence of a dedicated circuit for CSD production and modulation in the
female songbird that is analogous to known circuits controlling posture in other animals.

Figure 1.3 Putative neural circuit for CSD production and modulation.
This schematic figure highlights the major brain areas hypothesized to be involved in the
production and modulation of response selectivity for CSD in a female songbird.
Copulatory posture is thought to be driven by circuits in the brainstem (brainstem CSDcontrol module) which directly innervate spinal motoneurons, such as those of the
cloaca, which are presumed to be active during CSD. Projection onto postural
motoneurons has yet to be determined. Activation of this brainstem circuit is
hypothesized to be made possible by indirect input from auditory thalamus (nucleus
Ovoidalis, Ov) to the midbrain area DM (equivalent to lateral or ventrolateral PAG in
mammals). DM and medullary nucleus RAm (homologous to nucleus Retroambiguus
(NRA) in mammals) are each highly innervated by RA which is necessary for controlling
spectrotemporal features of song in singing birds. RA is innervated by HVC and LMAN,
two areas known to be critical in sing production and learning; together they form a
neural module that is hypothesized to link brainstem circuits for CSD production with
higher-order auditory areas, such as NCM and CMM, which are specialized for encoding
salient features of male song. Abbreviations are as follows: Auditory Module – MLD,
dorsal lateral nucleus of the mesencephalon; Ov, nucleus ovoidalis; Field L; NCM,
Caudal medial nidopallium; CMM, Caudal medial mesopallium; “Song System” Module
– NIf, interfacial nucleus of the nidopallium; HVC (used as a proper noun); Area X;
LMAN, lateral magnocellular nucleus of the anterior nidopallium; RA, Robust nucleus of
the arcopallium. Brainstem Module − VMH, Ventromedial nucleus of the hypothalamus;
ICo, nucleus intercollicularis; DM, dorsomedial nucleus of the intercollicular complex;
RAm, nucleus retroambigualis.
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1.4.1: A brainstem circuit for producting the copulation solicitation display
The females of several common species of mammals (including cats, rats, and
monkeys) demonstrate lordosis in reproductive contexts. Lordosis is an extensor,
dorsiflexed body posture–often accompanied by other species-specific behaviors–that
solicits and facilitates mounting and insemination by the male. The neural control of
lordosis was systematically investigated in the rat by Pfaff and colleagues from the 1970′s
onwards (D. W. Pfaff et al., 1994). The ventromedial nucleus of the
hypothalamus (VMH) and certain parts of the periaqueductal gray(PAG) of
the midbrain were shown to be key nuclei for lordosis production (Flanagan-Cato, 2011).
Electrical stimulation of VMH or the implantation of estradiol in VMH elicits lordosis in
rats (D. W. Pfaff & Sakuma, 1979; Rubin & Barfield, 1980), and similar effects occur
following stimulation in the PAG (Ogawa et al., 1991). This similarity is not surprising
because VMH projects to those parts of PAG that, when stimulated, elicit lordosis
(Canteras et al., 1994; Krieger et al., 1979; Veening et al., 1991). The subsequent
components of a pathway linking the PAG with final common path neurons for lordosis
have been somewhat controversial (Kow & Pfaff, 1998). A lordosis pathway has been
identified in cats, rats and monkeys by Holstege and his colleagues (Vanderhorst &
Holstege, 1995; VanderHorst & Holstege, 1996) as proceeding from the PAG to a nucleus
in the caudal medulla known as nucleus retroambiguus (NRA) (Gerrits & Holstege, 1996;
Holstege et al., 1997; Vanderhorst et al., 2000). Neurons in this nucleus possess a
rhythmic discharge in phase with expiration and project to spinal motoneurons
innervating internal intercostal and abdominal expiratory muscles (Ezure, 1990;
Holstege, 1989). However, other targets of NRA were found to include lumbosacral
motoneurons innervating pelvic floor motoneurons and motoneurons in Onuf’s nucleus
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that innervate the urethral and anal sphincters (Gerrits et al., 2000; Gerrits & Holstege,
1999; Holstege et al., 1997; Holstege & Tan, 1987). The implication, therefore, is that
NRA is not only involved in the control of the expiratory phase of respiration, which is
the basis of vocalization (Holstege, 1989), but is also involved in the control of
reproductive behavior in mammals (Boers et al., 2005; Kirkwood & Ford, 2004). In the
latter NRA has spinal projections that target motoneurons that innervate the varied
muscles that are active in lordosis (D. W. Pfaff et al., 1978; Vanderhorst & Holstege,
1995; VanderHorst & Holstege, 1996).
Like mammals, birds have a caudal medullary nucleus (called nucleus
retroambigualis, or RAm) whose neurons discharge rhythmically in phase with
expiration and whose spinal projections target motoneurons innervating muscles
involved in expiration (Wild, 1993a, 1993b, 1994; Wild et al., 2009). Because almost all
vocalizations are produced during expiration, and the expiratory muscles are
instrumental to the compression of the air sacs that produces the expiratory air flow
correlated with syllabic production (Hartley, 1990), it follows that RAm likely plays a key
role in song and call production, in addition to its vital role in respiration – although
recordings from RAm during singing or calling are not yet available.
Similarities of respiratory-vocal control in birds and mammals extend beyond
RAm, particularly in the midbrain, where birds have an area, known as DM (dorsomedial
nucleus of the intercollicular complex), that is considered equivalent to the lateral or
ventrolateral parts of the periaqueductal gray (PAG) of mammals (Kingsbury et al., 2011;
Wild et al., 1997). In both birds and mammals, electrical or chemical stimulation of these
nuclei drives call-like vocalizations while lesions produce muteness, and tracer injections
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label downstream projections to vocal motoneurons and respiratory premotor neurons
(Davis et al., 1996; Wild et al., 1997).
This lordosis behavior is analogous to CSD in birds. Like NRA in mammals, RAm
in both Japanese quail and canaries projects to sacral motoneurons innervating the
cloacal sphincter muscle (Wild & Balthazart, 2013; Wild & Botelho, 2015), which in quail
is known to be involved in copulation, as well as in voiding (Seiwert & Adkins-Regan,
1998); but whether RAm also projects to spinal motoneurons innervating other muscles
involved in CSD is as yet unknown, partly because the identity of these muscles is
unclear (D. W. Pfaff et al., 1978). It is possible that RAm’s projection on cloacal sphincter
motoneurons serves an anti-incontinence function during the elevated intra-abdominal
pressures associated with singing. Although the sphincter muscle did not appear to
contract rhythmically during quiet respiration in anesthetized canaries (Wild,
unpublished observations), the transverse cloacal muscle is active during respiration in
pigeons (Baumel et al., 1990). Whether this muscle is active during CSD in a manner that
is uncoupled from breathing remains to be determined.
1.4.2: The “song system” as higher-order circuit for modulating csd choice
preference
Like many brainstem motor circuits that control behavior (Roh et al., 2011), the
brainstem circuit that controls the copulatory display receives input from higher-order
structures that presumably serve to modulate its function in a way that ensures context
specificity. Remarkably, RAm, which serves as the presumptive premotor coordination
structure for the complex postural response that makes up CSD (Boers et al., 2005;
Kirkwood & Ford, 2004), receives heavy innervation from nucleus RA, a prominent
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nucleus in male songbirds that is necessary for the production of learned vocalizations
(Vicario, 1991; Wild, 1993a, 1993b). Because some of the anatomical projections to and
from RA were originally identified in the canary, a species where the female sings, it was
assumed that this circuit was used primarily for song production (Nottebohm et al.,
1982). This assumption was strengthened by the observation that the size of RA and
other forebrain nuclei involved in song control was almost always correlated with singing
frequency (reviewed in Ball, 2016). However, these song control areas and their
anatomical projections persist in females that do not sing (Martin Wild et al., 2001;
Tobari et al., 2006), suggesting that RA and associated areas might be involved in
behaviors other than song production.
Recent evidence suggests that RA projections onto RAm could regulate precise
timing during complex call interactions. In zebra finches (in which females do not
produce song), lesions of RA have a profound impact on call timing in both males and
females–without disrupting the acoustic properties of the call (Benichov et al., 2016).
This indicates that RA, in addition to controlling song in the male, plays a key role in
controlling call timing in both male and female zebra finches.
In addition to controlling call timing, we propose that RA may have an additional
role in regulating copulatory behavior. While a direct role of RA has never been
demonstrated, several studies have shown that lesions of nucleus HVC, which projects
directly to RA in male and female songbirds, significantly affect copulatory display.
Interestingly, lesions do not affect the behavior itself, but rather its selectivity
(Brenowitz, 1991; Del Negro et al., 1998; Halle et al., 2002; Maguire et al., 2013). The
female cowbird (which does not produce song) is a striking example of this phenomenon
(Maguire et al., 2013). As mentioned, female cowbirds exhibit a high degree of selectivity
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in their postural response to song and lesions targeting HVC cause a complete loss of this
selectivity, inducing the female to produce CSD with similar frequency for every song
(Maguire et al., 2013). Because these lesions do not produce observable changes to the
display itself, these and other findings suggest that HVC, and possibly RA, are involved
in behavioral selectivity rather than actual instantiation of the behavior.
In male songbirds, the nuclei required for song are anatomically well defined and
therefore easily identified on Nissl-stained slides. In females, especially in species that do
not sing, these nuclei are typically smaller and more difficult to identify using these same
histological techniques. Nevertheless, nuclei RA and HVC are clearly identifiable when
viewed with fluorescent retrograde tracers (Messier, Wild, Perkes and Schmidt, Unp.
Obs.). Injection of RA with these same tracers also labels nucleus LMAN, which in males
serves as the primary connection to RA from a specialized basal ganglia circuit known as
the anterior forebrain pathway (AFP), which provides an indirect link between HVC to
RA and is necessary for song learning and maintenance. What role LMAN might play in
courtship behavior and CSD selectivity is still unknown. Intriguingly, a positive
correlation has been shown between LMAN size and degree of selectivity in CSD
production in female cowbirds (Hamilton et al., 1997). How LMAN connects to the rest
of the AFP remains to be shown.
1.4.3: Auditory forebrain circuits for modulating csd choice preference and
plasticity
Unlike lordosis, which requires activation of somatosensory inputs (typically by
rubbing the animal’s flanks), the CSD response in songbirds can be elicited by auditory
stimulation alone (Catchpole et al., 1986; King & West, 1977; Vallet & Kreutzer, 1995).
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Although CSD activation during normal courtship is likely also modulated by visual cues,
much can be understood regarding the selectivity and mechanisms of CSD production by
understanding how auditory stimulation modulates this sexual response.
Both male and female songbirds have sophisticated auditory systems that allow
for precise discrimination between complex acoustic signals–corresponding to their
complex and sophisticated vocal communication system. At least three separate auditory
streams have been identified that project to auditory forebrain areas capable of
processing higher-order auditory signals (Coleman et al., 2007; Vates et al., 1996; Wild &
Farabaugh, 1996). Two of these pathways, the lemniscal and nucleus basalis pathways,
might contribute to auditory selectivity of CSD but neither are directly connected to
brains regions directly involved in vocal communication. A third pathway (Figure 1.3)
can be defined as ascending through nucleus MLd (central nucleus of the inferior
colliculus in mammals) to nucleus ovoidalis (auditory thalamus) and then to an auditory
complex in the forebrain known as Field L. From Field L, auditory projections in male
songbirds eventually reach nuclei of the song control system, such as HVC, through a
number of reciprocally connected auditory forebrain areas, including NCM, CMM and
NIf (Theunissen et al., 2008). Although a direct projection from auditory forebrain areas
to HVC has yet to be shown in females that do not sing, there do not appear to be major
anatomical differences in auditory forebrain circuits between male and female songbirds.
Overall physiological properties in the auditory forebrain also seem to be mostly similar
across sexes (Theunissen et al., 2008) even though specific auditory tuning properties
can be significantly different between males and females (Brenowitz & Remage-Healey,
2016; Yoder et al., 2015).
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There is considerable evidence that variation in song complexity signals male
fitness, and that female auditory tuning is sensitive to these differences. In canaries, for
example, females produce copulatory displays more readily in response to certain,
particularly complex male song elements (King & West, 1983b; Suthers et al., 2012;
Vallet & Kreutzer, 1995). Acoustically, these song elements, known as “sexy syllables,”
optimize the trade-off between trill rate and frequency bandwidth (Podos et al., 2004).
Vocal performance in swamp swallows (measured as a function of this optimization),
was shown to be correlated with male age and size (Ballentine et al., 2004), suggesting
these elements are a true signal of male quality. Physiologically, it appears these syllables
can only be produced through rapid switching between the left and right syrinx (Suthers
et al., 2012), explaining their difficulty and why females would be sensitive to these
signals.
Although the mechanism by which the auditory stimulus (i.e. song) triggers CSD
is not known, it is likely the range and speed of frequency and amplitude modulation
present in many of the syllables that trigger CSD behavior require the type of high-level
auditory processing that is present in forebrain auditory areas (Comins & Gentner, 2014;
Del Negro et al., 2000; Theunissen et al., 2008). Where such processing occurs is
unclear, but NCM and CMM are strong candidates given that both encode behaviorally
relevant features of song (Comins & Gentner, 2014; Prather, 2013). NCM is likely to be
an interesting area for further study because it encodes song memories (Gobes &
Bolhuis, 2007; London & Clayton, 2008; Phan et al., 2006) and shows strong selectivity
for song (Terleph et al., 2007; Thompson & Gentner, 2010) that can be modulated by
locally synthesized estrogen (Krentzel & Remage-Healey, 2015; Remage-Healey et al.,
2010b). Further support for NCM comes from recent finding that its inactivation
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decreases song and mate choice discrimination in female zebra finches (Tomaszycki &
Blaine, 2014).
While the effect of NCM inactivation on CSD production and selectivity is not
known, the observation that HVC lesions cause a decrease in selectivity, but not in the
actual generation of the behavior, suggests that song can drive CSD directly, independent
of the auditory forebrain. Consistent with this idea, recent anatomical findings have
shown a projection from the thalamic auditory nucleus ovoidalis (Ov) to the
ventromedial nucleus of the hypothalamus (VMH; (Wild, 2017)). The VMH is necessary
for eliciting the lordosis response in mammals and likely plays a significant role in CSD
production (Gibson & Cheng, 1979) via its projections to the midbrain intercollicular
(ICo) nucleus (Wild, 2017; Wild & Balthazart, 2013), an area that surrounds nucleus DM
(equivalent to the lateral or ventrolateral parts of the mammalian PAG). How projections
from the ICo might reach a pathway for CSD is presently unclear but the link could
possibly be mediated via overlapping dendritic fields between the ICo and nucleus DM.
1.5: Discussion
Females have unique evolutionary pressures that encourage nuanced song
preferences, which are individually variable and subject to a number of social factors.
Mounting evidence points to the “song system” as a putative circuit for female courtship
interactions where selectivity of female mating posture can be modulated by the same
brain regions that drive song production in the male. While we have focused on CSD
selectivity, these brain regions impact a range of behaviors in both male and females,
including call timing (Benichov et al., 2016), species recognition (Brenowitz, 1991), sex
identification (Vicario et al., 2001) and sociality (Hamilton et al., 1997). The body of
evidence suggests that the “song system” might be better understood as a circuit that
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controls a suite of social behaviors, integrating a variety of sensory inputs and higher
order representations (such as song memory and social standing) to ensure the correct
selection of social responses. This system appears to have evolved functions in both
males and females and continues to be active in a range of social behaviors including, but
not limited to, song production. While many unknowns remain, these facts have
important implications for 1) the evolution of vocal learning and sociality, 2) our
understanding of courtship behavior, and 3) our assumptions within the field of birdsong
neurobiology.
1.5.1: A broader picture of songbird evolution
The prevalence of female song across oscine families, along with the varied
functions of so-called song nuclei, even in non-singing females, indicate that our
understanding of the origin of learned song is incomplete. Rather than acting as a
dedicated circuit for producing song and signaling male quality, the evidence surveyed in
this article suggest that it should be viewed as a central circuit for navigating a range of
complex social interactions of which song production is the most obvious and easily
studied component. It remains possible that learned vocalizations emerged as a response
to female preference for complex signals. However, it seems likely that a variety of
preferences and socially mediated selection shaped the evolution of courtship behavior,
including birdsong and the associated neural structures.
Many songbird species exhibit social hierarchies (Dufty, 1986; King et al., 1981)
and the navigation of these complex environments, i.e. correctly responding to varied
social stimuli, could itself be an important selective trait. In one particularly salient
example, cowbird males appear to reduce their song quality to match their position in
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hierarchies (King et al., 1981). Male cowbirds raised without social feedback produce
more potent songs than socially reared males (as measured by playback studies), but
typically are unsuccessful in aviaries, largely due to social antagonism by other males.
While theoretically more potent songs provide isolate males with better mating
opportunities, their inability to correctly interact with other males results in violent
confrontations, while socially reared males are capable of navigating a dominance
hierarchy without injury. In this example, song production is intrinsically linked with
social interactions, suggesting that song learning is tightly coupled to social learning.
Although there are multiple examples of highly social songbirds, many species
have comparatively simple social networks, including those of several basal families of
songbirds in which territoriality limits the number and frequency of interactions (Lack,
1968). The degree to which social complexity is a selective force unto itself in these birds
(either through territorial interactions or through maintenance of pair bonds) is not well
understood. Laboratory research has a natural bias towards communal birds (e.g., zebra
finches, cowbirds), which can be housed in large numbers and easily studied in captivity.
While these examples are compelling, these species might represent extreme examples in
terms of evolution and social complexity. In free living, non-communal species it is more
difficult to quantify the extent or the importance of social interactions. Future research
into the selective impact of sociality in these species will help to establish to what degree
the development of learned vocalizations was driven by selection for social complexity.
In this paper, we have argued that selection for social complexity was–if not the
original cause of–likely a factor in the evolution of vocal learning. Communication is, by
definition, social and song is a central component of songbird communication. It is
difficult therefore to separate the evolution of song learning from accompanying social
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complexity. As mentioned, females across a range of species show preferences for
complex vocalizations and it is generally accepted that a preference for complex displays
(either through sensory bias or as a true signal of quality) could lead to the emergence of
vocal learning. Learned vocalizations could then facilitate the complex social
organizations that we observe. It is also possible that selective forces favoring social
complexity drove the evolution of complex vocalizations (in both males and females) and
simultaneously favored a female preference for vocal complexity in males (which would
reinforce this complexity through sexual selection for male phenotypes). Distinguishing
between these two hypotheses requires detailed examination of preference and the
selective impact of sociality across various clades of oscine and sub-oscine songbirds.
Regardless of the ultimate cause, the involvement of bird song in social navigation
highlights the role that neural structures linked to song likely play in courtship,
preference, and social behavior in general.

Figure 1.4 Lesioned to song regions females disrupt selectivity and social
interactions
This plot depicts changes in song behavior following introduction of lesioned females
(red, right) versus sham-lesioned females (green, left). Continued on next page.
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Figure 1.4 continued: Brown-headed cowbirds housed together during the breeding
season show pair bonding behavior as measured by the pattern of directed singing by
males (blue circles) to their consort female(s) (squares). Females were removed from the
aviary and received ibotenic lesions targeted at HVC. Following recovery, females were
reintroduced to the aviary (right panel; red squares) and song interactions were
recorded. Black arrows represent female-directed male song, where thickness
corresponds to song frequency. Male hierarchy (determined by male–male counter
singing) is noted, including the change following introduction (direction and magnitude
indicated by red and green arrows). Lesioned females received song from increased
numbers of males–compared to both themselves prior to surgery and to shame-lesioned
females (right panel; green squares). Introduction of lesioned females also disrupted
male hierarchies while increasing female chatter in non-lesioned birds. (Male-male song
and female chatter not shown here, see Maguire et al., 2013).
1.5.2: The neural correlates of courtship
The female songbird offers unparalleled opportunities for understanding mate
preference and courtship. At the behavior level, the copulation solicitation display offers
a quantifiable measurement of female preference that can be manipulated by both
acoustic and hormonal manipulations. At the circuit level, the “song system” provides an
appealing target for investigating the neural mechanisms underlying courtship behavior.
An example of the richness of this model system is apparent in the changes in behavior
observed when female cowbirds are reintroduced into the aviary following small lesions
targeted to the song system (Maguire et al., 2013). In addition to the loss of CSD
selectivity to song, these females fail to form normal pair bonds, instead receiving song
from a variety of males (Figure 1.4). This behavior in turn alters both male–male
interactions and the behavior of resident control females. In many cases, low-ranking
males increase the frequency of song challenges to dominant males and resident females
increase the frequency with which they produce chatter calls.
Together with previous evidence showing that females can shape male song (King
& West, 1977, 1983b; West & King, 1988b, 1988a) and female preference (Freed-Brown
& White, 2009), these results emphasize females’ central role at many levels of social
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behavior. They also highlight that a neural circuit previously thought to be inactive in
females can modify mating behavior with population-level implications. Female
songbirds thus provide exciting opportunities to investigate behavior at a neural,
individual, and population level to reveal the mechanisms underlying complex social
systems.
1.6: Conclusion
We have argued that across the fields of songbird research, we must modify our
assumptions regarding the evolution and function of birdsong. While the ability to
reduce a complex system to a tractable model is central to scientific investigation, and
rewards from increased complexity of models diminish rapidly, it is abundantly clear
that female songbirds have functional neural pathways and relevant social behaviors that
impact a broad range of social interactions. A failure to acknowledge these realities and
revisit biased assumptions increases the risk of overlooking or misinterpreting key
features of the evolution of vocal communication, social behavior, and neural circuit
function.
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CHAPTER 2: FEMALE SONGBIRD STATE DETERMINES SIGNAL STRENGTH
NEEDED TO EVOKE COPULATION
This section refers to work in Ammon Perkes, Bernd Pfrommer, Kostas Daniilidis, David
White, Marc Schmidt. 2021 “Female songbird state determines signal strength needed to
evoke copulation”, bioRxiv: 2021.05.19.444794
Abstract: It is the female response to male signals that determines courtship
success. In most songbirds, females control reproduction via the copulation solicitation
display (CSD), an innate, stereotyped posture produced in direct response to male
displays. Because CSD can be elicited in the absence of males by the presentation of
recorded song, CSD production enables investigations into the effects of underlying
signal features and behavioral state on female mating preferences. Using computer
vision to quantify CSD trajectory in female brown-headed cowbirds (Molothrus ater), we
show that both song quality and a female’s internal state predict CSD production, as well
as the onset latency and duration of the display. We also show that CSD can be produced
in a graded fashion based on both signal strength and internal state. These results
emphasize the importance of underlying receiver state in determining behavioral
responses and suggest that female responsiveness acts in conjunction with male signal
strength to determine the efficacy of male courtship.
2.1 Introduction
In many species, selecting a partner for copulation is a carefully coordinated
process that is mediated by courtship, typically consisting of a range of prolonged,
multimodal signals by males that females in turn evaluate during mating (Andersson,
1994). While males’ signals are frequently dramatic, preference is generally invisible,
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except as manifested by some behavioral response. The song displays of oscine songbirds
(suborder, Passeri) are likely the most studied example of animal courtship and have
contributed significantly to our understanding of sexual selection and signaling
generally. While male song has received the most attention (Catchpole & Slater, 2008;
Kroodsma & Byers, 1991), much of our understanding of song function comes from the
behaviors that females produce in response to male courtship displays. The most
dramatic of these behaviors is a lordosis-like pose referred to as a copulation solicitation
display (CSD), in which females spread their wings, raise their tail, and arch their backs
to expose their cloaca (see Figure 2.1a). Females across the avian phylogeny produce
similar displays to invite, facilitate, and control copulation, and in most species, CSD is
necessary for copulation to be successful. This behavior is strongly linked to the
hormonal state of the female and CSD is never observed outside of periods of breeding,
when estrogen levels increase in preparation for courtship and reproduction (Kern &
King, 1972; Maney et al., 2006; Moore, 1983). In some cases CSD is initiated by the
female, sometimes for many hours before copulation occurs (Fernández & Mermoz,
2003; Nice & Marler, 1958; Sheldon & Burke, 1994), but in most species studied CSD
occurs as a direct and rapid response to male displays and is immediately followed by
copulation attempts (Catchpole et al., 1986; King & West, 1977; Searcy & Marler, 1981).
Although normally limited to the context of mating behavior, in some species it is
possible to elicit CSD under controlled conditions using only playback of male song,
allowing the stimulus to be isolated from the many variables surrounding social
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Figure 2.1 The CSD assay reveals underlying agreement of song potency
across birds
A. Cartoon showing a female in isolation producing CSD in response to male song
playback. B. Exemplar spectrograms from four of the male song used for playback. Each
example is color coded to match song potency levels shown in (d). Songs were recorded
previously from adult males in aviaries. C. Overview of the experimental paradigm
showing randomized presentation of blocks of 10 songs. Each song was played 90
minutes apart to prevent habituation D. Song potency, defined as the mean proportion
of playbacks that elicit CSD for each song, averaged across females (n=8). Vertical lines
depict standard error of the mean. Song numbers match exemplars in (b). E. Correlation
between individual and group song potency scores across all 7 experimental groups. Box
and whisker plots show quartile ranges and median (red line). Red dots denote
correlations where Pearson’s r is significantly different from 0 (at p<.05). Random
horizontal jitter was added for easier visualization of points.
interactions (King & West, 1977; Kreutzer et al., 1992; Searcy & Marler, 1981). In these
experimental contexts, CSD remains tied to hormonal state: females generally need
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natural lighting schedules and, in some species, exogenous estrogen to become
sufficiently receptive to song. During playbacks, some songs evoke CSD more frequently
than others (Figure 2.1 a-d), providing a metric of song potency, and much of our
understanding of the significance of song features comes from observing CSD under
these conditions (King & West, 1983a; Searcy, 1984; Spitler-Nabors & Baker, 1987; Vallet
& Kreutzer, 1995). While song playbacks can elicit CSD in multiple species, brownheaded cowbirds (Molothrus ater) readily produce CSD to song playback without
requiring hormonal manipulation (King & West, 1983b), providing a powerful system for
studying CSD and female preferences (Peer et al., 2017; West et al., 1981a; White, 2010).
Despite the importance of CSD as a tool for understanding song and its centrality
to reproductive behavior across bird taxa, we lack a basic understanding of the principles
which govern CSD. While it is known that song rankings observed in playbacks reflect
actual song preferences (O’Loghlen & Rothstein, 1995; West et al., 1981a), it is unknown
whether preferred songs produce CSD that are more robust than those produced to lower
potency songs, or if CSDs can be grouped into distinct subtypes. Unlike song, which can
be described in terms of acoustic features with millisecond precision, CSD has typically
been described qualitatively, and we know little about the timing and natural variation of
CSD or how these features may correlate with song preference.
Given how little is known about the behavior, it is no surprise that the neural
mechanisms that govern CSD production are largely unknown. The selectivity of CSD
behavior has been linked to regions involved in song production (Brenowitz, 1991;
Maguire et al., 2013), but it is unknown whether these regions directly modulate CSD
production, or whether they shape the formation of song preferences, indirectly affecting
CSD. Indeed, many questions remain regarding the neural and behavioral mechanisms
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that control CSD production, particularly at short timescales. For example, while CSD is
readily evoked by song playback in isolation, under natural conditions females hear
hundreds of songs a day without producing CSD, after which they may produce a CSD to
a single song from a male. So far, we lack even a conceptual framework that explains
these aspects of CSD responses.
Just as early birdsong researchers established the foundational understanding of
song production (Catchpole & Slater, 2008), we set out to identify the first principles of
female preferences by carefully quantifying CSD and proposing a conceptual framework
of CSD production. Here we provide novel experimental and computational tools to
study CSD. Using a large dataset spanning a decade of experiments from different groups
of birds, we show that females broadly agree on the songs that are most likely to elicit a
CSD, but there is significant variability in the responses both within and across groups.
This suggests that a female’s response threshold interacts with male signal potency to
determine CSD production. We also show that CSD is not a simple, “all-or-none”
behavioral event, but rather a graded-behavior whose overall characteristics—including
latency, duration, and intensity—are mediated by both signal potency and receiver state.
Our findings suggest the hypothesis that short-term variation in female state can
profoundly affect copulation success, and that in many species, manipulation of this
state, either by the male or the female, could act as a target for optimizing copulation and
ultimately reproductive output.
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2.2: Results
2.2.1: Signal strength and underlying state predict CSD production
CSD response bias to male song is consistent within and across populations
To understand the regulation of CSD behavior, we assembled a large dataset that
includes the responses of 70 birds from 7 different playback experiments spanning 10
years and captured at two different sites; 5 of these experiments used the same set of
recorded songs, allowing for comparison across experimental groups. Here a group
represents a set of birds from the same population, which heard the same set of songs
during the same season. All animals were naïve to both the presentation paradigm and
the songs presented, and no birds were repeated across groups (see methods for full
details of group composition). As CSD is naturally evoked by song, birds received no
prior training, and CSDs were not reinforced with food or other external rewards. The
proportion of playbacks eliciting CSD within an experimental group defined a bird’s
potency (with respect to that group).
Within 6 of 7 experimental groups, some songs evoked significantly more CSD
responses than others (at p<.005, repeated measures ANOVA, Figure 2.S1a). We tested
for agreement within groups by evaluating how the set of songs’ individual song potency
scores (computed for each individual in the group) correlated with the songs’ overall
potency (i.e., the mean of the rest of the birds in the group). We excluded 19 birds (out of
70) who responded less than 5% of the time, for a total of 51 birds across 7 groups (with
mean group size of 10, ranging from 3 to 18). In 46 of these 51 birds, the mean individual
responses to songs were positively correlated with their respective group’s average
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responses (mean Pearson’s r = 0.45 +- 0.32), and this correlation was significant (at
p<.05) in the case of 20 out of 51 birds (Figure 2.1e).
In the five groups of birds that were exposed to the same set of songs, mean song
response rates were strongly correlated across groups (Figure 2.S1b) Across the 10
pairwise comparisons, mean group correlation was .72 (ranging from .47 to .89), and 4 of
5 groups correlated significantly (at p<.05) with at least one other group (Figure 2.S1b).
Taken together, these findings show that females display clear bias toward certain songs,
and that the attractiveness of songs is maintained across groups. While past experiments
have demonstrated consistent preferences (King, West, et al., 2003), this work reveals
their breadth and persistence, with responses that were significantly correlated even
between groups captured in locations separated by 30 miles and 10 years.
Signal potency and internal state drive CSD generation
Behavioral responses are influenced by signal potency, but they are also subject
to an animal’s behavioral motivation to respond. In our playback experiments, we found
that female response rates decreased over the course of the experiment (as shown by a
negative correlation between response rate and successive playback block number)
(Figure 2.2a, Pearson’s r=-0.18, p<0.0001,CI=-0.132:-0.210,n=3861). Furthermore,
there was a significant correlation between the progression of the experiment (i.e., the
number blocks of song that already been presented) and the potency of songs necessary
to elicit CSD (Figure 2.2b, Pearson’s r=0.43, p<0.0001,CI=-0.429:0.547,n=977). These
effects persisted even with the removal of the first 2 blocks (Supplemental Statistics),
suggesting it is not an artifact of the initial playbacks. At first glance, this pattern seems
consistent with song preference developing throughout the playback by pruning away
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less-preferred songs. However, this pattern could also be explained by a global shift in
response threshold leading to a steady sparsening of CSD responsiveness.

Figure 2.2 The decreasing CSD response rate over time can be explained by a
change in response threshold or a change to song preference
Top Row: Changes in CSD response rates with repeated playbacks. A. CSD response rate
changes significantly over the course of the experiment (p<.0001, Repeated Measures
ANOVA for 11 block groups with 10 song averages per group, F=4.893, df=99), with a
dramatic and significant decrease in response rate after the first block (Tukey HSD for
pairwise comparisons, p<.05). Here we show a representative experiment from 8 birds.
Birds which responded less than 5% of the time were excluded, leaving n=6 birds. Block
response rate is averaged across birds, with black lines representing the standard error of
mean. B. Heatmap representing mean block response rate of each song (across the same
6 birds). When divided by song, it is apparent that in later blocks birds responded only to
the most potent songs. This reduction in responsiveness to song could represent a
change in song selectivity–pruning responses to low potency songs–or an overall
decrease in responsiveness. Bottom row: Modeling CSD response to song. Continued
on next page.
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Figure 2.2, continued: C. We conceptualize CSD production as a signal drive that
must overcome some threshold in order to stimulate CSD. Any song exceeding the
threshold (red horizontal bar) would generate CSD. Signals above this threshold may
generate longer CSD, while signals at the margin might elicit partial CSD. Within this
framework, change of CSD responsiveness could be explained either by (D) uniform
changes in the response threshold (shifting threshold hypothesis), or (E) the updating of
individual song weights (song weight hypothesis). Under a shifting threshold hypothesis
(F), we would expect responses to all songs to shift in parallel. Under a song weight
hypothesis (G), we would predict that song responses vary independently across time,
with some increasing and others decreasing. C-G depict hypothetical data points, but
this framework provides alternative, testable predictions (see Figure 2.3).
In order to explain these results and guide our experiments, we proposed a
conceptual model of CSD production (Figure 2.2c-f), in which the CSD response is a
function of the perceived song potency relative to a female’s response threshold. In our
model, apparent selectivity of the response emerges either by a changing of song weights,
or through an increasingly strict response threshold such that only high-potency songs
can evoke a response. Because we were unable to directly measure response threshold or
behavioral state, we used the mean block response rate (i.e., the proportion of playbacks
from the same block which elicit CSD) as a proxy measure for response threshold.
Selectivity of CSD responses remain constant throughout song blocks
If changes to response selectivity are the result of a shifting response threshold,
we would predict female responsiveness to the highest potency song to decrease
proportionately with all other songs. Using linear mixed models to account for bird and
song groups, we found a clear effect between the response rate to the most potent song
and the response rate to all other songs within that presentation block (Figure 2.3a,
effect=1.074, CI:0.267:1.450, p<0.001,n=90), indicating that female CSD responsiveness
to all songs varies in parallel. This suggests that a shifting threshold, rather than an
updated weighting of songs, drives the apparent increase in selectivity.
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Figure 2.3 Changes in selectivity are driven by changes in baseline
responsiveness.
A. Scatter plot showing the top song response rate as a function of the mean response
rate. Each point represents a single bird (n=64). To account for pseudoreplication of
song sets, we used linear mixed models with song set and experimental group as random
effects. The estimated effect (1.074) is shown in red, with the gray shade showing 95%
confidence interval. The effect suggest that top song response rate decreases in parallel
with overall responsiveness. B. A scatter plot showing mean response rate as a function
of the first block response rate. Each point represents one song from one experiment
averaged across the experimental group of birds (n=70). As in A, we use linear mixed
models with song set and experimental group as random effects, the estimated effect
(0.175) is shown in red with 95% confidence interval in gray. Response rate in the first
block predicts responses in all other blocks. These data are consistent with an overall
change in threshold over the course of the experiment.
To further test whether song selectivity remains constant throughout the entire
experiment, we measured whether female responses to songs in the first block predicted
female responses to the same song in later blocks (i.e., blocks 5 and on). We observed a
significant positive effect of a song’s initial potency score (averaged across the group
within the first block) on its mean potency during later blocks (Figure 2.3b,
effect=0.175,CI:0.086:0.264 p<0.001,n=72), indicating that response selectivity
represents a preexisting bias toward the most potent songs, rather than a relative
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preference that forms over the course of playback presentations with respect to the other
songs in the block. In other words, song selectivity remains stable over time even as
response threshold varies.
As a final test for an effect of song exposure, we tested whether female CSD
reaction time changes over the course of playback presentations. Reaction time often
decreases in evaluation tasks as subjects gain familiarity with the stimuli (Gold &
Shadlen, 2007; Mruczek & Sheinberg, 2007). Each song stimulus consisted of 2-3
introductory note clusters followed by a terminal whistle, the entire song around 1
second in duration (1.111 +/- 0.115 s). For a subset of birds (n=10), we were able to
calculate latency of response. The median latency to initiate CSD was 0.668 s (+- 0.249)
from song onset implying that CSD responses are initiated prior to the completion of
song and typically during the second introductory note cluster. We did not find any
decrease in response latency throughout the experiment (effect=0.007, CI:0.001,0.015,p<0.094,n=203), and the mean latency observed in the first block was
shorter than the length of song (mean first block latency = 0.823 +-0.319 s, while song
mean length was 1.11 +- 0.110 s). These findings also show that even when hearing song
for the first time, females commit to producing a CSD early in the song–during the
introductory note clusters–and therefore do not rely on information from the terminal
whistle.
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Figure 2.4 Using computer vision to quantify bird pose in 3D.
A. We use a system of four calibrated cameras to capture images of the female cowbird
from multiple angles. B. In each frame, we first identify the mask (white) and the
bounding box (red) of the bird using a neural network, maskrcnn_resnet50 (He et al,
2017), pretrained on the COCO dataset (Lin et al, 2014). We finetuned the network on a
dataset of 276 masks of birds from frames of playback experiments. This outputs
cropped images of the bird. C. Crops are then used as the input for a second neural
network (Pose resnet, Sun et al, 2019) to identify 14 keypoints within the image (shown
in red). This network was finetuned using hand labeled keypoints from the same dataset
of 276 birds. D. Keypoints are triangulated across the 4 views to estimate their position
in 3-dimensional space. In parallel, we use a silhouette-based approach to generate a 3D
point-cloud for visualization.

2.2.2: Factors influencing CSD timing, shape, and duration
Song potency predicts intensity of CSD response
As we have defined it, the CSD response is a clear behavioral event in which the
female arches her back and lifts her tail above her body (thereby exposing the cloaca)
(Supplemental Video 1). However, females often produce various levels of reduced
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displays, with only slight arching of the back, tilting of the head and/or spreading of the
wings, and without full elevation of the tail or exposure of the cloaca. We used a neural
network-based approach to reconstruct the three-dimensional pose of the bird in each
frame of the video, which allowed us to track the trajectory of each body part with high
temporal precision (Figure 2.4) to quantify CSD. These displays were visually distinct
(Figure 2.5 a-b; Supplemental Video 2) and statistically separable from standard “fullCSD” based on tail height (Figure 2.5c) and latency (t= -8.661, p<.0001,n=237;28,
Figure 2.5d). Frequently these “partial-CSDs” are grouped together with full-CSD (e.g. A.
L. O’Loghlen & Beecher, 1997, 1999; Ratcliffe & Weisman, 1987), although they have
been separated as well (Maney et al., 2003; O’Loghlen & Rothstein, 2002). In our case,
we distinguished between full- and partial-CSD, but we hypothesized that partial-CSDs
are a version of CSD that occurs when signal drive only marginally exceeds the CSD
response threshold (see Figure 2.2). In other words, we would expect partial-CSD to be
produced by songs with a potency just sufficient to elicit a response, but not enough to
elicit a full-CSD.
To test this hypothesis, we first analyzed the distribution of the potency scores of
songs presented for all the trials which elicited a) CSD, b) partial-CSD, or c) no CSD.
Song potency is defined as the mean proportion of playbacks that elicited CSD for a given
song within an experimental group. Consistent with the hypothesis that partial-CSD is a
marginal-response, we found that the mean song potency of all trials eliciting partialCSD (mean= 0.265 +-.160,n=237) was significantly lower than those eliciting full-CSD
(mean=0.326 +- 0.163,n=482; t=-4.682, p<0.0001, , Figure 2.5e), but significantly
higher than the mean song potency of playbacks that failed to elicit CSD (mean=0.213 +0.143,n=855; t=4.836, p<0.0001).
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Figure 2.5 Partial-CSD is a reduced version of CSD
A. Schematic depicting full-CSD, characterized by wing spread and arching of the back,
with the tail raised above the level of the body. B. Schematic depicting an example
partial-CSD. In contrast to full-CSD, females only present a slightly arched back and
lowered wing, and the tail never is fully raised above the level of the body. Full and
partial-CSD appear related in appearance but clearly distinct. C. Density distributions of
the tail heights across all full-CSD (blue, n=153) and partial-CSD (green, n=23). Arrows
show the mean tail height for each behavior. Full- and partial-CSD heights were (by
definition) significantly different (t = 9.226, p<0.001,n=137;26), although overlap
existed due to variation in individual bird size and perching height. D. The density
distribution for latency of full-CSD and partial-CSD, showing that full-CSD occurs
significantly faster than partial-CSD, although there is substantial overlap between the
two. Density distributions modes for panels (c) and (d) were scaled to have each
maximum at 1 for ease of comparison. E. Females produce partial-CSD more frequently
to lower potency songs than they do for full-CSD. This plot shows the density
distribution of the songs in trials which elicited full- or partial-CSD. The potency of song
trials eliciting full-CSD was significantly higher than those which elicited partial-CSD. All
density distributions were smoothed using a gaussian kernel using Scott’s rule (D. W.
Scott, 1992). F. The set of songs which elicit partial-CSD varies with response threshold.
The scatter plot showing the mean potency of songs eliciting partial-CSD as a function of
block threshold. Each point represents a single block from a single bird (n=208). Colors
denote birds from different experimental groups. The black line shows a significant effect
of block response rate on the songs which elicit partial-CSD in a given block, based on a
linear mixed effect model with group, song, and bird identity as random effects, with the
grey shading showing the 95% confidence interval.
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Because the threshold for eliciting a CSD varies throughout the experiment (see
Figure 2.1), we would expect the mean potency of trials that elicit partial-CSD within a
given block to shift as well, reflecting a change in the current marginal potency (i.e., the
signal potency that just meets the threshold) (see Figure 2.2). Consistent with this
prediction, we found a significant effect between a given block’s response threshold
(measured as 1 – mean response rate) and the mean potency of songs that elicited
partial-CSD within that block (Figure 2.5f, effect=0.091,CI=0.034:0.149,n=150,
p<0.005).
CSD duration correlates with song potency and female behavioral state
In a variety of behaviors studied, response duration varies with stimulus intensity
(Cattell, 1886; Turesson et al., 2009). Consistent with CSD being a graded response, we
hypothesized that signal potency should also correlate with posture duration. For six
playback experiments (n=832 postures from 27 birds), we quantified posture duration as
the time (to the nearest 1s) from the initial vertical motion of the tail to the moment the
tail returned below the level of the body. Across all birds, mean CSD duration was 4.25
(+/- 2.67) seconds. To account for the multiple non-independent experimental variables,
including the significant individual variation between birds (ANOVA, F=5.996,p<.0001),
we used a linear mixed model to test for the effect of song potency and response
threshold on CSD duration. We found a significant effect between song potency and CSD
duration with higher potency songs stimulating postures of longer duration (Figure 2.6b,
e=2.960, CI: 0.649-5.271, p<.017). We also found an effect of the overall response rate
on duration (Figure 2.6c, e=1.083, CI: 0.282-1.884, p<.008) suggesting that birds also
produce longer-duration CSD when their response threshold is lower.
57

Figure 2.6 Song potency and underlying behavioral state both significantly
determine CSD duration.
A. The distribution of duration for 29 birds across 6 experimental groups for which we
could calculate duration (n=821 postures). Each row represents an individual bird with
each point representing an individual posture. Random horizontal jitter was added for
ease of visualization. Box and whisker plots show the distribution of the data, and colors
denote experimental groups. The black triangle shows the mean duration of CSD. The
groups marked with asterisks (2018*, 2019*) were recorded in small, isolated conditions
for the purposes of computer vision. The amplitude waveform of a typical cowbird song
is shown below the graph. Introductory notes are highlighted in blue and the terminal
whistle in yellow. B. Scatter plot showing CSD duration as a function of song potency.
The black line represents the estimated effect of song potency on CSD duration using a
linear mixed model with bird, block, song, and experimental group as random effects
and song potency and block response rate as fixed effects. C. A similar plot of CSD
duration as a function of female responsiveness. For both b and c, grey shading shows
the 95% confidence interval predicted by the model.
58

CSD latency correlates with song potency and female behavioral state
Similar to duration, in most behavioral tasks, response latencies vary with both
signal strength (Blaxter & Hoss, 1981; Laming, 1968) and signal ambiguity (Gold &
Shadlen, 2007). We tested whether signals that most reliably elicit CSD responses also
produce responses with the shortest latencies. Using a playback chamber equipped with
multiple cameras and precise audio-video calibration at 50 Hz frame rate, we were able
to calculate the onset latency for 222 CSDs (from 7 birds, Figure 2.7a). Latency was
defined as the delay between song onset and the moment the tail feathers began to rise.
Mean latency was 0.691 s (+- 0.293 std), and there was significant individual variation
between birds (Anova, F=24.107 p<.0005). Using linear mixed models to account for
song and bird identity, we found a significant effect of song potency on CSD latency
(Figure 2.7b, e=-0.217, CI: -0.394:-0.040, p<.05) with higher potency songs eliciting the
shortest onset responses. Defining response threshold by the mean responsiveness
within a given presentation block, our analysis also revealed a significant effect of
response threshold on latency (Figure 2.7c, e=-0.146, CI: -0.289:-0.003, p<.05) with
CSD latencies being shorter in trials when females had a lower response threshold. To
summarize our timing results, we found that certain songs evoke more CSD, and these
high potency songs produce shorter latency, longer duration CSD (Figure 2.7 d-e), and
that highly responsive birds produce shorter-latency, longer duration CSD, separate
from the effect of song potency.
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Figure 2.7 Commitment to produce a CSD occurs early in the song and onset
latency correlates with both song potency and underlying behavioral state
As in Figure 2.6, A. depicts the distribution of CSD latencies for 203 postures from 7
individual birds for which we could calculate precise latency. The black triangle shows
the mean latency. Scatter plots, overlayed with box and whisker plots, show individual
bird distributions. Below, an example waveform shows the timing of cowbird song, and
its division into introductory notes (blue) and whistle (yellow). Note that CSD onset
occurs before song termination suggesting that commitment to produce a display occurs
early in the song during the production of the relatively quiet introductory note clusters.
B. A scatter plot showing CSD latency as a function of song potency. Each point
represents one CSD. The black line represents the estimated effect of song potency on
CSD latency, based on a linear mixed model with song potency and response rate as fixed
effects and bird, block, song, and experimental group as random effects. C. CSD latency
decreases as a function of female responsiveness. Scatter plots show observed CSD
latencies, each point representing a single CSD, with the black line is the estimated effect
using the same model in b. For b and c, grey bars show 95% confidence intervals. Bird
colors are consistent for a, b, and c. D. Three exemplar postures from a single bird
demonstrate the effect of song potency on CSD duration and latency (cutout). CSD
duration was longer for higher potency songs. There was no effect of potency on peak
height (Figure 2.S3d). E. Zooming in on the 1 second following song onset, the latency of
CSD is shorter for higher potency songs (Figure 2.7b), although there was no effect of
potency on tail velocity (Figure 2.S3b).
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CSD shape varies significantly with behavioral state but not with song
potency
CSD has generally been defined as a single behavioral class. The observation,
however, that song potency and response threshold influence CSD onset and duration, as
well as the probability of partial displays, suggest that CSD is in fact a graded response.
Full-CSD could contain further gradations, and these could even represent different
behavioral types that encode meaningful information. To investigate this possibility, we
used our computer vision approach to track the precise trajectory of CSD in 3
dimensions in a select group of birds (n = 142 postures from 6 birds) allowing us to
quantify the position and velocity of each body part at each moment in time (see Figure
2.4). To define the magnitude of CSD, we used maximum recorded tail velocity and the
peak tail height. We found that song potency had no effect on max velocity (Figure 2.S2b,
effect=0.399,CI: -0.76:–1.563) and only a weak, non-significant effect on peak height
(Figure 2.S2d, e=0.056, -0.003:0.115, p<.07). On the other hand, female response
threshold had a significant effect on max velocity (Figure 2.S2a, e=1.477, CI:
0.487:2.468, p<.005) but no effect on peak height (Figure 2.S2c, e=0.012, CI: 0.029:0.054).
Because there are many ways, besides tail height and velocity, that CSD could
vary, we wanted an unbiased approach to characterize CSD that was not limited to the
metrics we selected. We used a quantitative representation of CSD in which each frame
was described by a 91-dimensional vector of the pairwise distances between key points
(Figure 2.S3b) to train a random-forest classifier. To prevent bias introduced by
variation in bird shape, we trained a distinct classifier for each bird using a training set of
labeled playbacks (80% of trials). Using a withheld set of labeled playbacks (20% of
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trials), we tested whether the classifier could predict the song potency or female response
threshold during the trial based on the CSD evoked. We found no evidence of discrete
CSD types based on song potency, with the classifier only performing better than chance
for 1 of 7 birds (Figure 2.S2f). In contrast, our classifier performed significantly better
than chance in 4 of 7 birds when trained to predict response threshold. This effect was
strongest in the last few seconds of the CSD (Figure 2.S2e).
In summary, this suggests that while songs with higher potency do evoke shorter
latency and longer duration CSD, there were no detectable differences in the CSD
themselves. The postures of more responsive females, on the other hand, were distinct
based on measured velocity and could be classified based on the trajectory of CSD offset.
Female CSD responses are not composed of distinct subcomponents
Many complex behaviors can be divided into a sequence of discrete and simpler
subcomponents (D. J. Anderson & Perona, 2014; Berman et al., 2014). One clear
example is the song of many songbirds, which is made up of individual syllables
produced in a highly stereotyped manner (Baker & Boylan, 1995; Gardner et al., 2005).
The specific acoustic and temporal properties of these subcomponents, which can
include both the syllables as well as the gaps that separate them, can vary significantly
based on social context (Glaze & Troyer, 2006). In some cases, syllable transition
probabilities can also vary with social context (Sakata et al., 2008). Given the role of CSD
in sexual signaling, and that the same neural circuit that controls singing has been shown
to regulate aspects of CSD selectivity (Brenowitz, 1991; Perkes et al., 2019), we wanted to
test the possibility that CSD posture might also represent a sequence of behavioral
subcomponents, whose order and/or temporal features within the sequence might reflect
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some aspect of behavioral state or song potency. For example, while the peak of CSD
posture appears consistent, with the tail elevated and wings spread to expose the cloaca,
we wondered whether early elements of the posture (e.g., early head tilt or wing motion)
could be thought of as separate subcomponents that are independently regulated.
We used trajectories of all individual keypoints to describe CSD sequencing
(Figure 2.S3a), and the 91-dimensional vector of keypoint distances (Figure 2.S3b) to
produce a behavioral space of posture and CSD trajectories (Figure 2.S3c-d). To assess
CSD sequencing, we calculated the onset of motion for each individual keypoint (defined
as the first moment following song that a particular keypoint deviated more than 2 std
from baseline, Figure 2.S3a). While the mean time of onset of head movement was
slightly earlier than the leg or wing (Figure 2.S3e, ANOVA, n=160, F=3.08 p<.01, Posthoc Tukey HSD, p<0.05, Figure 2.S3h), we found no significant bias for CSD initiation
for any body part ( χ2=0.05 p=0.999). Nor did we observe any evidence for stereotyped
sequencing within CSD itself (Chi-Squared test p>0.99 for all body parts transitions,
Figure 2.S3f).
As a final test for possible sub-components of CSD, we characterized the
behavioral density of every observed pose (Figure 2.S3d). In brief, any pose that
appeared frequently (e.g., perching) should have high density, while one that was rare or
highly variable (e.g., initiating CSD while hanging upside-down from the ceiling,
Supplemental Video 5) should have low density. As CSD occurs, periods of high density
would suggest common gestures across CSD, or recurring patterns within CSD. Here we
observed a consistent spike in pose-space density only at one timepoint, (Figure 2.S3h)
corresponding with the average moment birds reached the peak of posture. This further
suggests that CSD exists as a single goal posture, rather than a series of discrete gestures.
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In summary, we found no evidence for discrete subcomponents or sequencing of CSD
and found that the pose for CSD itself is stereotyped while the transitional motion
towards it is variable.
2.2.3: Song evokes other postural responses
Song presentation evokes a suite of non-CSD postural behaviors
In addition to CSDs, which are rare in natural contexts, female birds respond to
song with a number of postural as well as vocal responses (Riebel, 2003; West & King,
1988a). Some of these responses have been suggested to act as signals of song preference
(Carouso-Peck & Goldstein, 2019; West & King, 1988a) and might therefore be involved
in courtship signaling. Using our high-resolution observation boxes, we wished to assess
the range of non-vocal behaviors that could be evoked by male song under these
laboratory conditions. We were particularly interested if these behaviors showed the
same type of song specificity as observed for CSD.
We quantified the full range of behavior produced by females (n=10) during song
playbacks and quantified 8 behaviors that females consistently produced in the 5
seconds following song (i.e., in >5% of responses, across 527 total song presentations).
These behaviors, arranged by increasing frequency, were 1) leg adjustment (26 times,
3%), 2) gaze shift (38 times, 5%) 3) wingstrokes (rapid, unilateral wing motion, 41 times,
5%) 4) rapid feather depressions (47 times, 6%), 5) partial-CSD (55 times, 7%) and 6)
full-CSD (280 times, 37%). Interestingly, although females often respond to male song
with precisely timed chatter calls in large aviaries (H. L. Anderson et al., 2021), we did
not observe vocal call responses in our recording boxes. The precise criterion used for
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classifying each of these behaviors is described in the methods section with examples of
each behavior available as supplemental videos.

Figure 2.8 Song presentation evokes a ranges of postural displays which
each have characteristic latencies and song bias
A. Schematic depictions of the 3 behaviors for which we quantify latency. Full CSD was
defined by the tail being raised above the level of the body (red line) B. The distribution
of latency for these 3 behaviors with respect to song onset (behaviors occurring more
than 1 second prior to song onset are not shown). CSD latency (Mean 0.668 +- .016 SEM,
n=237) was significantly slower than feather depressions (.166 +- 0.015 SEM, n=37) and
wingstrokes (.379 +- 0.071 SEM, n=30) (ANOVA, F=23.6, p<0.0001, Tukey-HSD
corrected pairwise comparisons at p<0.001). Behaviors occurring prior to song onset
were excluded from the analysis, as were wingstrokes occurring later than 1s, to focus
exclusively on song evoked behaviors. C. The proportion of feather depressions
correlates with song potency, while wingstroke production appears unrelated. The bar
plot shows the proportion of playbacks that evoked postural behaviors, sorted by CSD
(i.e., song potency). Proportions are averaged across the 9 birds for which we could
calculate latency, black lines show +- 1 SEM for the mean across birds.
In quantifying behavioral responses and selectivity, we chose to focus particularly
on wingstrokes and feather depressions (Figure 2.8a) because these behaviors had been
previously linked to song preference in social contexts (Morris, 2008; West & King,
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1988a). Feather depressions and wingstroke-like movements occasionally occurred
during baseline conditions, however both wingstrokes and feather depressions were
clearly evoked by song onset. We compared the occurrence of these behaviors in the 5
seconds prior to song compared to the 5 seconds following song onset. Song presentation
evoked a significant increase in both wingstroke behavior (probability of occurring
during vs before playback: 0.04 vs 0.009, N=548, t=3.326, p<0.001) and feather
depression (0.005 vs 0.065, N=548, t =5.448, p<0.0001).
Wingstrokes and feather depressions occur significantly faster than CSD
responses
As with CSD, we quantified the latency (defined by the first frame the behavior
was visible) for both wingstrokes and feather depressions. There were significant
differences in latency between the 4 behaviors observed (i.e., wingstrokes, featherdepressions, full-CSD, and partial-CSD, Figure 2.8c, ANOVA, F=59.7, n=332 events
total, p<.0001), and both feather depression (0.166 +- 0.087 s) and wingstrokes (0.379
+- 0.354 sec) showed onset latencies that were significantly shorter than CSD (TukeyHSD adjusted p-values <0.001). Notably, these findings suggest that both wingstrokes as
well as feather depression occur during the very first acoustic elements of the song
whereas CSD (Figure 2.8c, mean latency = 0.668 +- 0.249) occurs after the bird has
heard most of the introductory note clusters.
Rapid non-CSD responses such as feather depression correlate with song
potency
Although the rapid latencies seemed indicative of a reflexive, startle response, we
wondered whether these responses might actually be based on an evaluation of the song
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signal. We found no significant song bias for either wingstrokes (F=0.438) or feather
depressions (F=0.533; ANOVA, p > 0.77 for both), but given our small sample size, this
was not surprising. Because we had an established metric of song potency (based on CSD
responses), we could ask whether the ratio of behavioral responses correlated with the
known mean potency scores (Figure 2.8b). We found no significant correlation between
feather depression and song preference (r=0.446, CI: -0.255:0.840, p<0.20) and
interestingly, even though it has been shown in large aviaries that wingstrokes correlate
with song preference (White et al., 2006), we did not detect any correlation between
song preference and wingstroke production (Pearson’s r=0.293, CI: -0.412:0.779, p =
0.411) suggesting, at least under these conditions, that wingstrokes are not strongly
biased by song potency.
2.3: Discussion
Most innate survival behaviors are driven by sensory triggers. For behaviors such
as escape, the nature of the sensory stimuli that drive these responses are wellcharacterized because the stimulus-response relationship is clearly defined (Dill, 1974;
Eaton et al., 2001; Wei et al., 2021). This allows for the ability to manipulate the signal
and identify the specific features that elicit the behavior. Combined with careful
quantification of behavioral responses, these types of studies have been able to identify
in detail how stimuli elicit the behavior and produce a detailed understanding of the
neural mechanisms underlying these critical survival behaviors (Eaton, 1984; Eaton et
al., 2001; Evans et al., 2019; Roberts, 1992). In contrast, the mechanisms underlying
reproductive behaviors remain less well understood, in part because most sensory
signals that trigger behaviors–including female copulatory responses–involve close, even
physical, contact (Noble, 1979), and are therefore challenging to quantify and manipulate
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in a controlled manner. During lordosis in rodents, for example, initiation of this
copulatory behavior is mediated primarily by cutaneous activation of the flanks, a
stimulus that is difficult to precisely reproduce experimentally, given the diversity of
sensory areas that are activated during such stimulation (Kow & Pfaff, 1975; D. W. Pfaff
et al., 2008). An additional challenge with studying reproductive behaviors is that the
relevant triggers are shaped by female preferences, and as such vary significantly across
species.
Songbirds offer a unique opportunity to study the fine-grained features of the
signals that drive reproduction because the relevant behaviors can be elicited in a
laboratory setting without the presence of a male, using the presentation of easilydefined acoustic signals (King & West, 1977; Searcy & Marler, 1981). The copulatory
response, known as the copulation solicitation display (CSD), shares many of the same
features as lordosis, including postural arching of the back to both support the mounting
male and expose the reproductive organ. Because the same signals that elicit CSD (i.e.,
male song displays) are used within the context of other courtship behavior (Kroodsma &
Byers, 1991), CSD can also be used to evaluate a female’s innate signal preference. In the
current study, we developed a novel approach to capture pose, providing a quantitative
representation of CSD, produced in response to varying song stimuli, all captured with
millisecond precision. We observed that adult female cowbirds showed a consistent bias
for specific songs, and these high potency songs also elicited the shortest onset latencies
and longest response durations. Song bias was consistent across females and was present
from the first presentation of song. In addition to signal strength, an animal’s internal
state was a strong predictor of the response to song, showing that copulatory behavior is
controlled by the combination of signal potency and behavioral state.
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2.3.1: Commitment to produce a csd occurs early in the song
Our quantitative analyses of CSD timing showed that the latency to produce CSD
was short, often beginning within 250ms of song onset, a full 750ms before song was
complete. These latencies are consistent with previous work suggesting that CSD is
evoked by the lower amplitude introductory note clusters that make up the first
component of the song (King et al., 1986; West et al., 1979). CSD initiation was not
reliant, at least in our laboratory setting, on the high amplitude terminal whistle as
previous suggested (Rothstein & Fleischer, 1987). Preliminary experiments confirmed
that presentation of introductory notes alone is sufficient to elicit CSD (Supplementary
Video 6). These introductory notes are produced by rapid switching between two sides of
the avian vocal organ, the syrinx. Because of the precision required, these syllables likely
represent an honest signal of male fitness (Lahti et al., 2011; Podos, 1997). Rapid leftright switching appears to be a consistent feature of preferred syllables across songbird
species (Suthers et al., 1999) and these syllables are particularly effective in evoking
female copulatory responses (Suthers et al., 2012; Vallet & Kreutzer, 1995). In songbirds,
successful forced copulation is rare (Low, 2004; McKinney & Evarts, 1998) so these
hyper-stimulating signals may represent a form of sensory coercion. Interestingly, in
social contexts female cowbirds often produce loud, broadband “chatter” vocalizations in
response to male song that effectively jam the introductory notes. Our recent work shows
that these vocalizations are able to prevent females from going into posture (H. L.
Anderson et al., 2021), and suggest this might be an effective strategy females have
evolved for maintaining reproductive autonomy.
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2.3.2: Female cowbirds appear to have an innate agreement of song potency
Based on prior findings (West & King, 1988b) and prevailing theories of mate
selection (Andersson, 1994; Real, 1990), we initially assumed that females might form a
comparative ranking between the different songs presented. We therefore predicted that
onset latency would decrease, and the strength of song bias would increase, as females
accumulated information about song quality over repeated presentations. Surprisingly,
we observed that females responded preferentially from the very first presentation, and
these preferences did not change over repeated playbacks, nor did the latency to respond
to song decrease. Because all females were naïve to the songs presented, and the females
were tested over the course of ten years, our findings suggest that females have an innate
bias towards certain song types and that females across different experimental years
agree on that bias. In this way the CSD assay appears consistent with other no-choice
assays, in which variation in the absolute stimulus strength drives the behavior (Beckers
& Schul, 2004), rather than a paired preference task, in which the response is dependent
on the opposing stimulus presented (Phelps et al., 2006).
These findings contrast with those of prior studies (West & King, 1988b, White,
personal observations) that suggested female preference was based on a comparative
ranking of the songs that were presented. In our experiments, females do respond
exclusively to the highest potency songs in later blocks, but this appears to be the result
of an overall decreased responsiveness to all songs presented to the female, including the
highest potency songs. These findings can be explained by a simple threshold model
where birds show an overall increase in the response threshold which consequently
excludes responses to low potency songs while also decreasing the response probability
to high potency songs without changing the relative signal drive.
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The rapid response onset as well as the stereotyped nature of the posture indicate
a tight, perhaps even reflexive, link between the song stimulus and CSD. These features,
however, do not rule out the possibility of top-down control. In rodents, the copulatory
posture lordosis is also driven reflexively by well-characterized circuits in the brainstem,
but this response, in both mammals and birds, is modulated in a top-down manner by
higher-order forebrain centers (Ball & Balthazart, 2020; Maguire et al., 2013; Perkes et
al., 2019; D. W. Pfaff et al., 2008). It is certainly possible that in richer social contexts
females do update their song weightings over short timescales with respect to male
exposure–it is clear that female song preferences are at least partially learned (Riebel,
2003, 2009), and that these preferences remain plastic into adulthood (King, West, et
al., 2003; Nagle & Kreutzer, 1997)–however as our model shows, this type of song
learning is not necessary for flexible behavior. Song selectivity can emerge, even where
preferences are static, merely by raising the response threshold. If the response
threshold is also subject to feedback from song exposure (as shown by (Remage-Healey
et al., 2012)), threshold modulation could provide a simple strategy for responding only
to the highest quality songs. Each time a female is exposed to high potency song, it could
raise the response threshold, increasingly the probability that lower potency songs are
excluded. This mechanism produces a best-of-n ranking, without requiring the female to
remember and compare every male observed. Threshold-based regulation of selectivity
has been proposed previously in túngara frogs (Lynch et al., 2006), and may be a
consistent mechanism of behavioral modulation, allowing innate responses to be context
specific without the need for cognitive control.
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2.3.3: Signal potency shapes latency, duration, and overall response vigor of
CSD response
CSD is an innate and highly stereotyped behavior more easily evoked after
periods of sensory deprivation (King & West, 1977; Searcy & Marler, 1981). Previous
literature referred to these types of behaviors as fixed action patterns (Lorenz, 1937;
Schleidt, 1974). Indeed, our observations that females initiated CSD even when caught in
non-upright positions (e.g., hanging from the wall or ceiling, Supplemental Videos 3 and
4) are consistent with this idea. However, our results show that CSD is a graded behavior
with variation in both the timing and intensity of the display. Notably, females
sometimes produced limited versions of the behavior, referred to as partial-CSDs, which
occurred in 7% of trials (16% of total CSD) and could be statistically distinguished from
full-CSD based on latency and tail height. A similar pattern has been observed during
lordosis in rodents where females sometimes produce “marginal lordosis,” with the
decreased vigor of the response being qualitatively linked to weaker stimulation (Hardy
& DeBold, 1972). These observations suggest that copulatory behaviors are not truly
fixed and can be shaped by both stimulus and context. These findings are consistent with
a recent reinterpretation of escape behaviors, where these previously assumed highly
stereotyped behaviors show quantitative differences in response characteristics based
not only on context but also stimulus type and strength (Wei et al., 2021). Taken
together, this supports the emerging view that survival behaviors are more malleable
than previously thought, thereby allowing the organism to tailor its innate responses
based on context to achieve the optimal survival outcome.
While prior studies have shown that signal potency affects copulatory behavior,
to our knowledge, no prior work has been able to quantify the timing and trajectory of a
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copulatory response to a single stimulus with the precision afforded in our study. As with
birdsong (Gardner et al., 2001; Long et al., 2010), the quantification of the postural
aspects of reproductive behavior makes it possible to link neural activity to behavioral
output, as well as identify fundamental aspects of behavioral variability. In the current
study, the ability to precisely measure CSD while presenting females with a range of
different stimuli offered a unique opportunity to probe the interaction of signal potency
and behavioral state. Overall, potent songs drove CSDs that were both shorter latency
and longer duration (see Figure 2.7d). Potent songs also produced more full-CSDs and
fewer partial-CSDs (compared to lower potency songs), although as the response
threshold increased, higher potency songs produced more partial-CSDs, and lower
potency songs failed to elicit any response. This again highlights the link between signal
strength and the nature of copulatory behavior, and future experiments can identify
neural mechanisms that mediate this relationship.
2.3.4: A model for achieving sexual autonomy by modulating response
threshold
In addition to signal potency, the internal state of the individual is critical in
determining response characteristics for many innate survival behaviors (Evans et al.,
2018; Kim et al., 2017; Wei et al., 2021). While song potency clearly had a strong effect
on CSD response probability and timing, we found that the prior response rate of the
female, reflecting the bird’s underlying behavioral state, also predicted the probability of
producing CSD to a given trial. In fact, the response rate to adjacent trials was nearly as
strong a predictor of CSD as the song type presented, and like potency, this underlying
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response threshold was a strong independent predictor of CSD latency and duration, as
well as the velocity of motion when producing the CSD.
For many behaviors, but especially reproductive behaviors, underlying
responsiveness is strongly affected by hormonal state. For lordosis, for example, the
intensity and duration of the lordosis posture increases with higher estrogen levels
(Hardy & DeBold, 1971) and decreases with higher levels of corticosterone (deCatanzaro
et al., 1981). Prior studies also make it clear that the seasonal transition to producing
CSD is dependent on estrogen, (Maney et al., 2006; Maney & Pinaud, 2011) however
there is conflicting evidence as to whether the level of estrogen alters CSD once females
are responsive to song (Leboucher et al., 1998; Moore, 1983; Searcy & Capp, 1997). In
our study, we observed fluctuations in response rates over times scales that were short
and often unpredictable. For example, some females produced CSD to every song
presented in a day, while other females (or the same female the following day) did not
produce a single CSD, even though the same songs were presented. We did not measure
hormone levels in our study, and so cannot conclude which hormones (if any) were
responsible for this variation. Regardless of the mechanism, these observations suggest
that the underlying behavioral state of the female is necessary, and in some cases
sufficient, to evoke a copulatory response regardless of song potency. These findings may
explain in part why male signal quality frequently fails to predict reproductive success
(King, White, et al., 2003; Takahashi et al., 2008; White, Gersick, et al., 2010) and at
best explains only a portion of the variance (Andersson, 1994).
We have conceptualized this process as a response threshold that signal strength
must exceed to evoke a response, and this model has important implications for our
understanding of courtship behaviors. If the behavioral response threshold is highly
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variable, or even directly malleable, male signal quality will be a poor predictor of
reproductive success, as the signal itself is less important than how and when the signals
is used. Although studies of sexual selection often focus on variation in the absolute
value of male signals, evidence from a variety of species suggests that courtship skill–i.e.,
the effective, even strategic, use of signals–is critical to maximizing reproductive output
(Baird et al., 2007; Mennill et al., 2002; Vinnedge & Verrell, 1998). By incorporating a
variable response threshold into our models of courtship we can better understand the
selective pressures on male behavior.
Female behavior can also be better understood by considering a variable
threshold for stimulus evoked responses. Females of various species produce behaviors
that apparently serve to affect their own responsiveness. For example, female ringdoves
self-stimulate using cooing vocalizations, effectively lowering their response threshold to
male sexual stimulus and promoting copulation (Cheng, 1992). Female cowbirds on the
other hand appear to use chatter vocalizations to obstruct song and prevent CSD
(Anderson et al, 2021) by reducing the strength of the stimulus, rather than changing the
response threshold. In both cases, females alter their own sensitivity via active
behavioral responses, providing a level of behavioral control on an otherwise autonomic,
involuntary response.
While the neural pathways that mediate these copulatory responses are still being
discovered and many questions remain (Ball & Balthazart, 2020), our findings here help
to contextualize prior work within the framework of a variable response threshold.
Multiple studies have suggested the auditory-motor forebrain region HVC is necessary
for song selectivity (Brenowitz, 1991; Del Negro et al., 1998; Maguire et al., 2013),
showing that lesions to HVC result in a loss of CSD selectivity. Based on this, we had
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previously inferred that HVC must act immediately in response to song stimulus,
inhibiting CSD to low potency songs and releasing inhibition on higher potency songs
(Perkes et al., 2019), however the loss of selectivity observed following HVC lesions could
also be explained by a decreased response threshold. Rather than directly inhibiting the
CSD response, HVC could modulate the effect of acoustic feedback on underlying
responsiveness. Experiments directly testing these hypotheses are necessary to
understand the role and importance of variable response thresholds in social behavior,
and these experiments are made possible by the approaches established here. By
establishing high-throughput, quantitative representations of behavior, we can take
advantage of the potential of CSD as a window into the mechanisms and meaning of
sexual signals and copulatory responses.
2.4: Methods
2.4.1: Subjects & housing
A total of 85 female cowbirds were used in these experiments. All birds were wild
caught near Philadelphia (in Chester or Montgomery Counties) under appropriate state
and federal trapping permits. Birds were captured from 3 different sites spaced 15-30
miles apart, between the years of 2007 and 2018. Outside of playback experiments, birds
were housed either in small flocks in aviaries (at least 1.2x1.2x2.4m)) or co-housed in
smaller wire cages (56cmx56cmx46cm). All housing was supplied with perches and birds
had access to food (a modified Bronx Zoo diet for omnivorous birds mixed with seed)
and water, ad libitum. Bird subjects can be divided into three distinct groups: traditional
playbacks, cage-rack playbacks, and posture-analysis playbacks. In each case, the
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institutional Animal Care and Use Committee (IACUC) at the University of Pennsylvania
inspected and approved their use for their respective studies.
Cohoused playbacks: 65 adult females, captured from Montgomery County
between the years 2007-2010 were housed in large (18.3x6.1x4m) outdoor aviaries.
Aviaries contained live vegetation, feeding shelters, and perches. Beginning in March,
females were separated from males. During playback experiments from May to June,
birds were housed in pairs in sound attenuation chambers (1 x 1 x 1 m). Cohousing has
been shown to reduce stress and has been shown to have no influence on playback
responses (Eastzer et al., 1985; King & West, 1983b; V. A. Smith et al., 2000). After
playbacks, females were returned to large aviaries.
Cage Racks: 8 adult females were captured in Chester County in Fall 2018 and
housed in an indoor aviary (measuring 2.4x1.5x2.4m), along with 9 males and 10
additional females (used for a separate study). Programmed light timers (Intermatic,
Model: ET70415CR) allowed us to maintain the birds on natural, local light schedule
throughout the year. In March, the males were moved to a different room, and all 18
females were individually housed in two 9-cage wire racks (a 3x3 rack of cages, each
measuring 56 x 56 x 46 cm), where they remained during playback experiments in May
and June (described below).
Posture Analysis playbacks: 12 adult females, also captured from Chester
County, 5 in the fall of 2017, and 7 more in fall of 2018, were housed in pairs in our
vivarium (in the same 9-cage racks) from December to March, to ensure they were
habituated to enclosed housing. These birds were maintained on the same natural light
conditions as those tested in wire cages above. Females were never co-housed with male
cowbirds in their individual cages, but males were always present in adjacent cages. In
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March, prior to breeding season, the males were moved to a separate room to prevent
song habituation (see (West & King, 1985)). During playbacks, females were moved to
plexiglass multi-camera cages (55x55x48cm) contained within larger sound attenuation
chambers (76x76x76cm), set to long days (14 light:10 dark), similar to their natural
lighting conditions. Following playbacks, birds were returned to wire cages.
2.4.2 Playback procedures
The procedure for song playbacks to natural birds has been described previously
(Eastzer et al., 1985; White, Gersick, et al., 2010). Females, overwintered in captivity,
and isolated from males during breeding season consistently produce CSD in response to
song playback, and the number of CSDs provides a potency metric for each song. Song
potency is defined as the mean proportion of CSDs produced during playbacks,
averaging across birds and song trials. In these experiments, females heard the playback
of a single song every 90 minutes, for a total of 6-8 songs throughout the day. Speaker
parameters and distance varied slightly between experimental groups, but sound
intensity at the bird was maintained between 80 and 90 dB (measured via sound meter
at the bird location). Songs were arranged in pseudorandom blocks, such that females
heard every song in the set before repeating. Females were always naïve to the presented
songs prior to playback. Playback procedures take 2-4 weeks per bird (depending on the
number of songs and repetition blocks). We excluded birds that produced fewer than 5
postures or 5% of playbacks (whichever was fewer) from our analysis. Except where
noted, all experiments used a single song set, recorded from aviaries in May 2008
(Maguire et al., 2013). In all cases, songs were recorded by placing 4-6 Sennheiser RF
condenser microphones (Sennheiser Electronic Corporation, 1 Enterprise Drive, Old
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Lyme, CT, USA) in locations within the aviaries to maximize our chances of obtaining
recordings from males vocalizing within 0.3 m on axis of the microphones. We recorded
to a Marantz PMD670 solid state digital recorder using uncompressed WAV at 48KHz.
For inclusion, the unweighted signal-to-noise ratio measured peak-to-peak had to be at
least 53 ± 2 dB measured between 300 and 12 000 Hz. Specific playbacks procedures are
as follows: Traditional playbacks: Sets of birds (in 2007 and from 2009-2011) were
housed in pairs in 1m x 1m x 1m sound isolation boxes. Behavior was captured using a
CCTV camera. Song playback was initiated manually, via a computer connected to an LG
XCSS amplifier on Bose 161 speakers located in each sound-attenuating chamber.
Presentation was initiated once birds were visible in the camera and perched. In all but
two groups, we used a set of songs recorded from aviaries in Montgomery County, PA in
2008 (Maguire et al., 2013). In 2007 we used a different set of songs, also recorded in
aviaries from local males (Ronald et al., 2017). In 2009 we used songs recorded under
controlled conditions as part of a separate experiment (Gersick & White, 2018). High
through-put cage racks: We developed a new approach to increase the overall
numbers of playback experiments possible in a smaller space (Supplemental Video 7). In
2019, females were individually housed in standard cage racks described above, inside an
animal housing room. Females could see, but not physically interact with, adjacent birds.
Two speakers (PreSonus E3.5-3.5” 2-way near field studio monitors, PreSonus audio
Electronics, Inc., Baton Rouge, LA, U.S.A) mounted at the far corners of the room, 2m
away from the cages. Acoustic foam was placed on walls and behind the cages to reduce
echo. Behavior was captured using 4 webcams, such that each cage was visible in at least
2 webcams. A custom python script automated the playback and video capture. The
script tracked bird motion (by computing the cumulative pixel difference between one
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frame to the next and attempted to wait until total motion was low but would play a song
regardless after 1 minute. The code is available on GitHub
(github.com/aperkes/SmartBox). Posture Analysis: In 2018 and 2019, birds were
individually housed in a 56x56x48 cm plexiglass cage, stationed inside a larger wooden
sound isolation chamber (76x76x76 cm, adapted from instructions from
accousticsolutions.com). We used 3d printed perches bolted onto threaded metal rods to
encourage the female to remain perched in the center of the cage. Sound was played over
computer speakers (Dell Rev A00 2.0), measured at 80 dB at 10cm distance. Recording
and playback were automated using a custom python script. We estimated the position
of the bird in real time using a color discriminator to detect the bird, and voxel carving to
estimate the position. By tracking the bird, we were able to wait to play the song until the
bird was resting on the perch for 10s, to reduce the amount of background motion during
song presentation.

Behavioral Observations
In all experiments, video recordings were scored by various trained observers
from the Schmidt or White labs. We noted CSD (including full or partial, described
below), and also recorded duration, expect in the case of the cage-rack playbacks, in
which video resolution and frame rate precluded measuring duration with confidence.
During the posture-analysis experiments, human observers also manually identified a
range of female responses to male song playbacks. The behaviors scored were defined as
follows: CSD (also called “Full-CSD”) characterized by arching of the back to elevate the
head and tail while spreading the wings. To qualify as CSD, the tail needed to be raised
above the body. CSD was defined as “partial-CSD” if the female initiated the
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characteristic wing spread and/or back arching, but did not elevate the tail above the
body; wingstroke: characterized by rapid, unilateral motion of the wing (West & King
1988), which was not produced within 1 second of flying or hopping motion; feather
depression: smoothing of the feathers causing a visible reduction in feather volume;
startle: sudden body shutter, often accompanied by crouching as if readying for motion;
gaze shift: defined by rapid head motion (at least 3 head movements in a 1 second
window). For CSD, partial-CSD, wingstroke, and feather depression the latency (in ms)
was defined as the first frame in which the behavior was visible. For CSD, duration was
calculated as the time (in seconds) between initiation and the moment the tail sank
below the body after reaching the peak (see Figure 2.2a). Observers in posture-analysis
experiments scored behaviors without audio or song information to prevent song or song
onset bias.

Camera setup
Multi-view camera cages were equipped with four FLIR Grasshopper color
cameras (FLIR Systems, Inc) able to capture behavior with a minimum of 1024x1024
resolution and less than 6ms shutter time operating in global shutter mode (Figure 2.9a).
The focal distance was set to the center of the cage and the adjustable aperture of the
lenses were set to yield an acceptable compromise between depth of field and achievable
shutter time. The shutter times were synchronized via hardware trigger, with one master
camera triggering the remaining 3 cameras. Running at an acquisition rate of 50 frames
per second (fps) we did not observe frames being dropped.
We captured the audio in the cage (using a Logitech webcam), and also captured
the copied audio output (by splitting the audio-output and plugging it into the
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microphone port). The audio and video were stored with their arrival timestamps in a
single data object (using the Robot Operating System, ROS (M. Quigley et al., 2009), and
the offsets of these timestamps were carefully calibrated using a percussive reference
sound (tapping a metal rod on the perch). This prevented error based on variable delay
in the audio and video sampling. Using the stamped audio information, we identified the
precise onset of song by cross-correlating the song recording with the audio file.
Precise calibration is required to triangulate objects across cameras. We
performed intrinsic calibration (defining the intrinsic parameters of the camera) once
using a printed checkerboard, using the radial-tangential distortion model with the ROS
calibration toolbox [https://github.com/ros-perception/image_pipeline.git].
The extrinsic calibration (i.e., the position and orientation of the cameras) was subject to
significant variation due to thermal expansion of the acrylic walls and mechanical
perturbations whenever the cage was opened. For this reason, we performed full
extrinsic calibration from the first image of every recording. AprilTag markers (Olson,
2011) were placed on the four walls of the cage. Their positions were carefully measured
to serve as an initialization prior to a full pose graph optimization using TagSLAM
software (github.com/berndpfrommer/tagslam).

Computer Vision Quantification
To convert the time-aligned, calibrated, multi-view recordings into quantified
pose we followed a 3-step process, summarized in Figure 2.9 as bird detection, keypoint
identification, and triangulation. Bird detection: each frame passes through a mask
detector, which identifies pixels that belong to a bird in an image. To perform mask
detection, we used an existing deep neural network (maskrcnn_resnet50 (He et al,
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2017), included in the pytorch package (https://pytorch.org/) in python. The model was
pretrained from the COCO dataset, a large database of images (Lin et al., 2014), and
performed reasonably well on bird detection but often failed when birds adopted CSD.
To improve performance, we finetuned the model on a custom dataset we created of 276
masks of birds at various moment of CSD inside the posture-analysis cage and labeled
using the website supervise.ly. We used an 80:20 split for training. The mask detector
returns a bounding box and a mask for each frame (Figure 2.9b). Keypoint identification:
Cropped images of the bounding box (padded to be 1.2x bigger to more reliably capture
the tail) were input to a second neural network trained to identify bird keypoints. Here
we also used an existing model designed for human pose recognition (Pose resnet by Leo
Xiao https://github.com/leoxiaobin/deep-high-resolution-net.pytorch). This
model had also been pretrained on the COCO dataset. We first retrained the output layer
of the model on the large CUB dataset (Welinder et al., 2010). Since the CUB dataset
lacked the tail tip, we inferred the location of the tail tip by finding the line segment that
began at the back keypoint, passed through the tail keypoint, and ended at the bounding
box. We then finetuned the model on our own custom dataset of the 276 images with
labeled keypoints. This approach generated accurate keypoint identification that was
robust to the unusual positions adopted during copulatory displays (Figure
2.4c,Supplemental Video 8). Triangulation: With keypoints detected in each frame, we
perform triangulation to estimate the 3d position of each point. In short, we found each
pairwise triangulation point and select the location that is optimized for low reprojection
error and high keypoint confidence. In parallel, we used the silhouettes from the mask
detection to generate a 3d point cloud. Taken together, this provided a 3d volume
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surrounding a simple skeleton (Figure 2.9d, supp v1). All image processing code and the
models used are available on GitHub (github.com/aperkes/keypoint_detection_public).
2.4.3: Analysis
Computer Vision Analysis
To produce a simple representation of pose during CSD, we used the height of the
tail tip keypoint. This proved intuitive and highly tractable. From this trajectory we
identified a number of inflection points within the course of CSD (See Figure 2.7a). To
reduce the effect of noise from mis-identified frames, all keypoint trajectories were
smoothed using a 1d gaussian kernel with alpha=5. Baseline: we calculate the mean
baseline for the tail height in the 1s prior to song onset; latency: defined by the first
moment of deviation (> 5 std) from baseline; max velocity: we use a 2s window following
onset and find the point of maximum velocity; stabilization: defined as the first time,
following the max velocity, with a non-positive velocity. In other words, it was the first
time the tail stopped rising; stable height: we recorded the height at the point of
stabilization; refraction: first we calculated the distance between stable height and
baseline, and defined refraction as the first point, following peak height, that the tail
dropped below 66% of the peak height. The time between max-velocity and refraction
provided an automated metric of duration, although for the analysis we opted to use our
hand labeled duration (as well as latency) scores in order to maximize accuracy.

Binary Classifiers
In order to assess what contextual information is encoded in CSD, we trained
classifiers using information from all keypoints. We used the random forest classifier
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from the scikit-learn package in python. The training algorithm attempts to weight the
categories equally to avoid always selecting the most common label (for example in the
case of song potency, potent songs produce more postures, so are overrepresented in the
dataset). Here, the pose was represented at each time point by a 91-dimensional vector of
all pairwise distances. This provided a useful representation which is robust to noise
from a single keypoint and invariant to position and rotation. We used 2 different
approaches to assess information content. We first trained a classifier on the entire
posture (in a 4s window following song onset). We then trained a classifier at each time
point, providing a trajectory of classification accuracy over time. In each case, we
randomly sampled 80% of the data for a training set and used the remainder to score
accuracy, bootstrapping 10 times to get a distribution of performance. To assess classifier
performance, we calculated chance performance by training the same model on shuffled
labels. This allowed us to test whether the classifier was significantly better than what
would be obtained by guessing based on any remaining label count bias. We optimized
our parameters to maximize our CSD vs non-CSD accuracy, then used the same
parameters to compare specific contexts (i.e., song potency and response rate). All
postural analysis code is available on GitHub (github.com/aperkes/PostureAnalysis).

Pose Analysis
To test for the existence of distinct gestures within posture, we first calculated the
velocity of each keypoint in each dimension, calculated as Vt=xt – xt-1, then took the
normal of the 3 dimensions (sqrt(vx^2 + vy^2 + vz^2)). This provides a positive value
giving the magnitude of the velocity for any given time point (regardless of the
direction). We calculated the mean velocity at baseline within a 1 second window prior to
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song onset, accounting for both background motion and computer noise. We then
identified spikes in the velocity, periods where the velocity increases beyond 3 standard
deviations of baseline (Figure 2.S3a). We treated the first moment above baseline as the
onset of a distinct event, from which we could calculate the distribution of motion for
individual parts and transition probabilities. For keypoints which were rigidly attached
(e.g., the beak, eyes, and crown) we averaged the onset time to treat them as a single part
(e.g., the head). This helped to reduce the parameter space when evaluating transition
probabilities. Since there were occasional ties (we performed these analyses at a
sampling resolution of 20 Hz), we added a random jitter to break ties, repeating the
analysis 50 times and taking the median result to compensate for the randomness.
To produce a lower dimensional representation of the full pose information we
performed principal component analysis on the 91-dimensional vector described above
(Figure 2.S3c). To limit the effect of individual bird proportions driving variability, we
normalized the pairwise distances, scaling them by the mean across all birds (i.e., for
each bird, each pairwise measurement was multiplied by the across bird mean divided by
the within bird mean). We selected the first 11 dimensions, which accounted for 88% of
the variance (we chose 11 as it was the point after which each additional principal
component accounted for less than 1% of the total variation). The first two principal
components accounted for 60% of the variation and provided visually intuitive
representations of the pose trajectory of CSD (Figure 2.S3c). It also provided a way to
measure density within this pose space (Figure 2.S3e). We used a gaussian kernel to
estimate density across the pose space. To capture the average trajectory density, we
performed 1000 iterations and calculated the density at each time point at a randomly
sampled trajectory.
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Statistics
To properly account for the non-independence of song and bird, we used linear
mixed models with song potency and responsiveness as fixed effects, and bird, song,
block, and aviary as random intercepts, and other similar models, which are described in
the results. All analyses were performed in python 3.7 using standard available analysis
packages. Most statistical tests were performed using SciPy (Virtanen et al., 2020) or
statsmodels (Seabold & Perktold, 2010) , except mixed regression, which was performed
using Pymer4.0 (Jolly, 2018). All plots were generated using matplotlib . Regression
plots show the estimated effect and 95% confidence intervals based on linear mixed
effects models. “CI” in the text describes the 95% confidence interval. Description
statistics are written as mean +/- standard deviation unless otherwise noted. The full
output of all statistical tests is available in Supplemental Statistics.
Data Availability: Example videos, along with all meta information, human
annotations, and reconstructed postural trajectories are archived on Dryad. All analysis
code is available on Dryad, as well as in an interactive notebook on GitHub
(github.com/aperkes/PostureAnalysis).
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Supplemental Figures

Figure 2.S1 Females display consistent bias toward songs
Multiple females hear the same sets of songs in a given experiment, and we used the
same set of songs across multiple years of experiments. A. The response rate of 30
females, sorted by groups, to the same set of songs, sorted by potency. The first 3 birds
were only exposed to 4 of the songs. B. Pairwise correlations between group potency
scores for the same 5 groups of birds. Asterisks mark correlations which were
significantly at * = p<0.05, ** = p<0.01. The diagonal shows the within-group variance,
representing the level of consistency of bias within groups.
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Figure 2.S2 Posture shape is a function of underlying behavioral state, but
there is no significant effect from song potency.
A-D. scatterplots show max velocity and peak height as a function of block response rate
and song potency. In each plot, every point represents a posture, and the colors depict
individual birds (colors match colors from Figure 2.7). Max velocity was the peak velocity
recorded as the tail lifted following song onset, while peak height is simply the maximum
tail height during CSD. Both metrics were quantified using our computer vision-based
quantification described in Figure 2.4. To account for pseudoreplication, we used linear
mixed models with experimental group, bird, and block as random affects, and max
velocity and peak height as fixed effects. Black lines show the estimated effect with the
95% confidence interval in gray. We found a significant effect only for A, the effect of
block response rate on max velocity. indicated a positive effect. E. A random forest
classifier was trained to predict response threshold from a single frame the
quantification of posture. The classifier was trained using 80% of recorded trials
(n_train=138) and tested on the remainder (n_test=34). We retrained the classifier 10
times, randomly splitting the train & test sets, in order to generate bootstrapped
distributions. Continued on next page.
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Figure 2.S2, continued: The blue line shows classifier performance, with (shading
showing +- 1 SEM). To generate “chance” performance, we performed the same
procedure but with a shuffled test set (orange bar). This ensured that our classifier was
performing better than would be predicted by just guessing the mean responses.
Asterisks denote time bins in which the classifier performed significantly better than
chance (i.e., significantly higher than shuffled performance, T-test, df=18). *: p<.05, **:
p<.01. F. As in E, this depicts a random forest classifier trained to predict song potency
based on a CSD. This classifier did not perform significantly better than chance.

Figure 2.S3 Computational approaches for describing CSD show no evidence
of precise sequencing.
To characterize posture, we tracked the trajectory of individual keypoints, as well as
calculating the onset latency for each point. A. An exemplar posture showing the
calculation of onset latency for 4 different keypoints. Latency was defined as the moment
the keypoint velocity increased 3 standard deviations above the mean baseline (defined
by the 1 second prior to song presentation). B. In order remove variation based on the
location of the bird and have a representation that was robust to individual variations in
keypoints, we described posture by the pairwise-distances between keypoints, shown in
this cartoon. Here we show only the distances from the beak, but all pairwise distances
are used to make 91-dimensional vector. Continued on next page.
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Figure 2.S3, continued: C. We then performed a principal component analysis to
observe correlations between the keypoints and have a lower dimensional representation
of posture. Here we plot the first 4 principal components. D. Shows the weights for the
first four principal components. These principal components define a new trajectory
space. E. All postures for a single exemplar bird are plotted as the first principal
components. This PCA was performed on the postures of this bird. The colored line
shows a single posture progressing from t=-1 (purple) to t=4 (yellow). The black shows
the onset of song. Given these representations of pose, we can test for CSD sequencing in
multiple ways. F. Shows the transition probabilities from one point to another. None are
significantly different from chance (chi-squared test). G. Shows the distribution of onsets
for each body part (based on the measurements defined in A. For G and F, multiple,
rigidly connected keypoints are averaged to a single body part (e.g., the head is
composed of the beak, and eyes). Here, we observed that there was significant variation
in the timing based on parts (ANOVA, F =3.08, p<0.005) with the head starting slightly
earlier on average than other parts (Tukey-HSD head vs left wing and head vs tail
significant at p<.05). This could be explained somewhat by a startle response occurring
prior to CSD onset. H. In order to test for actemes, i.e., sub-gestures which compose
CSD, we plotted the density as a function of time for the postural space defined in E.
Actemes would manifest as periods of high density, divided by more variable, lower
density periods. We detected one wide peak around the time the bird reaches the
characteristic CSD pose, and a second, lower peak as the bird returns to its neutral pose.
We produced a bootstrapped distribution by randomly selection from posture
trajectories and iteration (n=1000 times). The Red line shows the mean density for a
representative bird, and gray shading shows the standard deviation. This only suggests
one stereotyped aspect of CSD, the full posture, while the transitions to and from CSD
appear variable.
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CHAPTER 3: COORDINATION OF MALE COURTSHIP PREDICTS REPRODUCTIVE
OUTPUT IN SONGBIRDS
Summary: All social organizations have a set of shared rules which define their
interactions. While collective behavior has often been studied in the context of motion,
group organization is also evident in breeding and courtship. Despite being described
across species, the importance of group organization and whether it relates to
reproductive output is unknown. This is due in part to the difficulty of measuring the
order of a group and the challenge of gathering a sufficiently large dataset to relate it to
reproduction. Brown-headed cowbirds (Molothrus ater), provided a unique opportunity
to investigate these questions. During the breeding season, male cowbirds engage in
courtship, directing songs to either males or females. By combining observations from 19
groups of cowbirds across 15 years, we show that at a group level, male behavior is more
cohesive than can be explained by chance and varies across aviaries. We also find a
significant relationship between the mean aviary cohesion and the level of egg
production, although there may be an incentive for alternate strategies among
individuals. By introducing juvenile males, we were able to disrupt group cohesion and
observed an associated decrease in reproductive output for the adult males in the group.
Our results show that the collective organization of courtship can increase group-level
egg production and affect individual fitness.
3.1 Results and Discussion
Collective animal behavior is defined by emergent group decisions as the result of
individual actions. While collective behavior has been studied most in flocks and
foraging, courtship behavior by its nature is a collective decision, particularly where
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multiple males and females interact simultaneously. Thus, we observe massive
aggregations in lekking birds (J. W. Scott, 1942) group marching in flamingos (Brown,
1971), and the perfectly synchronous displays in fireflies (Buck & Buck, 1968) and fiddler
craps (Gordon, 1958). Where and when courtship activities occur, as well as the specific
timing of displays, are all the result of emergent properties of groups, and just as
individuals in a flock vary in the degree to which they will follow the group, courting
individuals vary in the extent to which they participate in these group displays. This
group organization, which we will term cohesion, is a general principal of groups,
although the evolutionary importance of cohesion is unclear. While there is some
evidence that more cohesive groups have the potential to be more successful (Grafe,
1999; Höbel, 2010; Moiseff & Copeland, 2010), the link between cohesion and
reproductive output is largely unknown.
Brown-headed cowbirds (Molothrus ater) provide a unique opportunity to study
cohesion and reproductive fitness. Cowbirds are highly gregarious, and roost in flocks
which can reach millions of individuals in number (Ortego, 2000). In captive flocks,
females lay eggs in nests provided to them, allowing us to measure reproductive output.
During breeding season, males sing to establish dominance and secure mates and obtain
copulations, and song can be divided into male-directed and female-directed song, which
are measurable different (O’Loghlen & Rothstein, 2010b). In observing courtship
behavior it appeared that males displayed group cohesion in their singing behavior, not
with simultaneous singing, but by transitioning as a group between periods of high male
directed song and periods of high female directed song (Figure 1A-B. See also
Supplemental Video 1).
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3.1.1 Courtship is more synchronized than expected by chance
To test whether this behavioral cohesion was a consistent and significant
phenomenon, we analyzed a large dataset of behavioral observations gathered in 19
different aviaries between 2002 and 2017. We defined group cohesion by calculating the
proportion of female directed song across short time bins (see Methods) and comparing
the distribution of female directed song to shuffled data. We detected significant
cohesion of courtship in all aviaries. In all 19 aviaries, the distribution of male- and
female-directed song was significantly skewed towards the tails (KS test for goodness of
fit, p<.05, see Table 1) creating a higher proportion of bins with high male-directed song
(Figure 3.1A) and high female-directed song (Figure 3.1B) than would be expected due to
chance .

Figure 3.1 Social groups are cohesive across time.
A and B show network plots of male (blue nodes) and female (red nodes) interactions
across two 100s time bins that occurred 7 minutes apart. Edges between nodes represent
at least one song, with the distance between nodes roughly depicting the number of
songs sung (closer nodes represent more songs) In A, all but one songs were directed to
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males, while in B, all song was directed to females. Females who were not sung to in
either bin were omitted for clarity. Continued on next page.
Figure 3.1, continued: C. We calculate cohesion by correlating between males the
percentage of songs sung across all time bins. This heatmap depicts the pairwise
cohesion between all males. Negative correlations (blue) are marked with hashes for
clarity. D. Each point represents the mean cohesion for a single male (i.e., row average
from C). Columns represent aviaries, and these are sorted by mean aviary cohesion (red
triangles). All but one aviary was significantly different from random (asterisks denote Ttest with p<0.05 ). E. Mean aviary cohesion (blue dots) was significantly higher than
random (gray dots) (T-test, p<0.0001). Random cohesion was calculated for each aviary
by shuffling the data.
The cohesion of male-male interactions represents the degree to which male
singing behavior is influenced by the behavior of other males, and was calculated using
the Pearson’s correlation coefficient of the percent of songs directed to females across all
time bins (measured pairwise for all male interactions). Individual cohesion was defined
as the mean of pairwise correlations with all other males (Figure 3.1C). Nearly all males
(164 of 184 total) had positive cohesion scores (Figure 3.1D), although there was
significant variation within aviaries (p<0.05 for 18 or 19 aviaries, repeated measures
Anova, see Table 3.1). By randomizing recorded male courtship behaviors with respect to
time, we could accurately simulate the distribution of song cohesion that would be
expected by chance (Figure 3.1D-gray dots). The mean cohesion scores observed in
aviaries were significantly higher than the randomized scores (n=19,T = 8.044,
p<0.0001), with 18 of 19 aviaries significantly more synchronized than their randomized
distributions (T-test, p<.05, see Table 3.1).
3.1.2 Group cohesion predicts reproductive output
Given that we observed variation in the degree of cohesion across aviaries, we
asked whether cohesion predicted group reproductive output. To test whether more
cohesive aviaries produced more eggs, we first calculated normalized egg scores for the
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aviaries, accounting for seasonal variation and numbers of females present in aviaries.
Comparing egg scores to group cohesion across aviaries, we found a significant
correlation between mean aviary cohesion and egg production (Figure 3.2, r = 0.465,
p=0.012). The effect of cohesion on egg production was not dependent on the length of
time bins chosen when calculating cohesion (see methods) and disappeared when the
data was shuffled (r=0.07,p=0.77). If the cohesion metric was merely picking up some
general group pattern, like the amount or distribution of song among males, we would
expect the cohesion of shuffled data to also correlate with egg production, however the
effect of cohesion on egg score was dependent on the specific timing of male behavior,
confirming that the organization of male singing behavior predicts egg production.

Figure 3.2 Aviary cohesion predicts egg production.
This scatter plot shows the normalized egg production of each aviary plotted as a
function aviary cohesion, with error bars showing the variation across males within each
aviary. Aviary cohesion was averaged across all time bins (see Methods). The blue line
shows the estimated effect based on linear regression. The light blue and dark blue show
the 95% confidence interval of the regression and the effect strength, respectively. Aviary
cohesion significantly predicted egg production (r=0.465, p=0.012). Red dots denote two
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aviaries in which some pairbonds were maintained from the prior year. X’s mark the two
aviaries plotted in Figure 3.3.
Our predicted effect corresponds to 56% more eggs than average for the most
synchronized aviary, and 14% fewer than average for the least synchronized aviary.
While we cannot measure surviving offspring in these aviaries (since cowbirds do not
care for their eggs), the proportion of fertile eggs also correlated with cohesion
(r=0.50,p=0.029), suggesting that the increase in eggs was not the result of decreasing
the quality of eggs.
We noted the strong general trend with the exception of two datapoints, both
from 2009 (Figure 3.2, red dots). On further analysis, we found that these two aviaries
were the only two which contained repeated pairbonds from the previous year, which
may indicate a possible interaction between cohesion and pairbond history. It may be
that the effect of cohesion is particularly strong during new pairbond formation, while
existing pairbonds are less dependent on group effects. On the other hand, perhaps
greater pairbond familiarity leads to increased egg production at baseline (SánchezMacouzet et al., 2014), and the same effect of cohesion could be detected with a larger
sample of multi-season pairbonds. Further experiments are needed to determine how
cohesion interacts with other factors that predict egg production.
3.1.3 Individual cohesion predicts binary egg production, but not egg
quantity
While we had demonstrated that group cohesion predicts egg production, we
were interested in whether there was an individual-level effect within groups of male
cohesion (i.e., does being the most cohesive bird in the group lead to more eggs?). By
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tracking female visits to artificial host nests inside the aviaries, we were able to assign
maternity for eggs and quantify the reproductive output of individual females. In
addition, prior results show that extra-pair paternity is rare in aviaries (White, King, et
al., 2010), and thus we were able to infer male fitness reproductive output with
reasonable confidence.
To better describe and visualize group organization, we used a social networkbased approach to define individual cohesion. We found that the degree to which an
individual male’s courtship behavior correlated with that of other males (measured as
the number of positive-weighted edges) predicted the egg production of his associated
pairbond(s) (coef = 0.617, CI: 0.157-1.077). The effect of individual cohesion on egg
production was strongly significant (p<0.009), suggesting that in general, cohesion is a
strong predictor of successful egg production.
We then tested whether this effect persisted within the subset of successful males.
When excluding male-female pairbonds which produced 0 eggs (shown as small, pink
nodes in Figure 3.3), our mixed effects model found no effect between male cohesion and
reproductive output (coef =-0.072, CI: -1.041-0.898). In fact, in 8 of 13 aviaries, we
observed a negative correlation between cohesion and egg production among males who
obtained at least some eggs (mean r = -0.44 +- 0.244). This could explain why variation
persists and cohesion is not constant across males.
Male reproductive output among pairbonded males depends on the number of
pairbonds acquired (r=0.29, p<0.002) It appears likely that while cohesion is good for
acquiring a mate, and thus some paternity, high cohesion provides little measurable
benefit for obtaining additional pairbonds, and in some cases may limit males from
obtaining maximum eggs. There may be balancing selection on individual cohesion, and
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an evolutionarily stable strategy between perfect cohesion and random behavior (or even
discordant behavior). Alternatively, the effect of cohesion may depend on the specific
environment, suggesting that in some of the aviaries (where there was a negative effect of
cohesion on egg production), the unique quality of the group caused cohesion to be
maladaptive. Our measure of cohesion is quite course, so it is difficult to gain a full
picture of group behavior, and further study is needed to understand why cohesion
occurs and how it affects reproduction.
From the female perspective, among pairbonded females, we did not find a
significant effect of a female’s mate cohesion on the number of eggs produced (coef =
0.115, CI: -0.388 : 0.618, p = 0.654), suggesting that mate cohesion may be less
important to females than the overall cohesion of the group. In both males and females,
the relationship appears somewhat parabolic, with the highest egg production occurring
for females paired to males of moderate cohesion (Figure 3.3C).
We then tested whether the increase in egg production was the result of an
increase in the proportion of actively laying females, the quantity of eggs produced by
actively laying females, or both. We found a positive correlation between our normalized
egg score and the number of females pairbonded (r=0.54,p=0.026) but found no effect
of the number of eggs per pairbond (r=-0.02, p=0.91) nor the average number or eggs
per pairbond (r=0.06, p=0.811), suggesting that synchronous behavior facilitates
pairbond formation, but may not directly stimulate increased reproductive output
among laying females.
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Figure 3.3 Individual cohesion predicts egg production.
A and B show network plots of male cohesion (based on pairwise interactions as in
Figure 3.1C). Blue nodes represent males and red represent females. Lines between red
and blue nodes denote pairbonds, while lines between blue nodes denote the strength of
pairwise correlation. The size of nodes is proportional to the number of eggs produces,
with the smallest nodes yielding 0 eggs (also denoted by pink and light blue nodes). The
size and thickness of edges represent the strength of interactions, with red lines
representing a negative correlation coefficient, and thicker lines being a stronger
absolute correlation coefficient. Correlations between -0.1 and 0.1 were omitted. Above
the plot is written the name of the aviary, the egg score, the rank of the egg score among
aviaries, and the strength of cohesion (as shown in Figure 3.2). C. The scatter plot shows
the number of eggs sired by individual males as a function of individual cohesion
(measured as the number of positive correlations greater than 0.1). The colored lines
show simple linear regression across each aviary. The colors of lines and dots depict the
aviary from which they were recorded. The black line shows a significant effect
(coef=0.617,p<0.009 ) based on linear mixed-effects model with aviary as a random
intercept. The gray shading shows the 95% confidence interval.
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3.1.4 Disrupting Cohesion reduces egg production: a case study
To experimentally test the effect of cohesion on reproductive output, we drew on
an additional set of aviaries over two years, in which we had added juveniles during one
year while maintaining half of the other males constant (Figure 3.4a). Juveniles generally
fail to form pairbonds and must gain social experience in order to be successful, thus we
hypothesized that the addition of juveniles would disrupt group cohesion and drive an
associated drop in egg production, even among pairing, adult males.
Consistent with our predictions, we found that the addition of juveniles was
accompanied by a decrease in group cohesion (Figure 3.4b). Although our sample size is
only n=2 aviaries, the more synchronized aviaries produced greater numbers of eggs
(Figure 3.4c, adults only: 149,97, adults+juveniles:75,78), consistent with our prior
findings, and indeed the magnitude of egg change was roughly proportional to the
change in cohesion (m=1118 vs 542). This suggests that experimentally manipulating
group cohesion can alter egg production at the group level. In this case we decreased
cohesion by adding juveniles, but we could perhaps artificially increase cohesion (or at
least the perception of cohesion) by using audio playback. Artificial amplification of
cohesion with auditory or visual stimulation has been used to motivate and reinforce
group courtship in other systems (S. P. C. Pickering & Duverge, 1992; Waas, 1988; Waas
et al., 2005), and could possibly be used to further test the effect of courtship cohesion
on reproductive output.
Interestingly, in these aviaries, the change in egg production seemed to be driven
in large part by the strength and number of discordant interactions which accompanied
the presence of juveniles (14.7% more negative interactions in juvenile aviaries, unpaired
t=-2.545,p=0.012). Here, discord was defined by a negative correlation between two
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males, indicating when one was singing to males, the other tended to sing to females
(and vice versa). Negative correlations were rare in most aviaries (mean 7.5% +- 5.9%),
and although the two most discordant aviaries were also two of the least productive
aviaries (14th and 17th), neither the number (r=0.23, p=0.36) nor magnitude (0.27,p=0.28) of negative correlations were not good predictors of egg production across
aviaries generally, suggesting that ‘discord’ might occur separately from cohesion and is
perhaps only important when present in high amounts.
Although juveniles tended to behave differently than adults (generally failing to
form pairbonds t=-1.79,p=0.08), and singing significantly fewer songs to males (t=2.102,p=0.04)) the change in aviary behavior was not a consequence of juveniles
changing the average behavior alone. When assessing cohesion across adults (Fig 4d) we
saw a consistent decrease in adult cohesion in the aviaries where juveniles were present,
although this effect was not significant (t=-1.08,p=0.29). Still, the consistent decrease
suggests that the addition of juveniles disrupted the behavior of adult males,
destabilizing the entire group.
In these experimental aviaries, the number of females forming pairbonds stayed
roughly the same (Between 1-3 out of 12-14 females failed to pairbond) even as fewer
males were pairbonding (mean 48% vs 25%, t=5.59,p=0.03). We might then expect more
reproductive opportunities for remaining males, however average reproductive output
for pairbonded males was lower in both aviaries (2.9 and 1.5 fewer eggs on average,
t=3.45,p=0.07). A smaller proportion of pairbonded females laid eggs (mean .96 vs 0.6,
t=2.3,p=0.15) and those who did produced fewer eggs (5.7 vs 4.05, t=1.6,p=0.25). Taken
together, these two effects resulted in a much lower mean egg production among females
(3.6 and 3.1 fewer eggs on average, t=12.26,p<0.007). This is different from the effect
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observed in the original 17 aviaries (where pairbonding, not egg production, seemed to
be driving the variation in reproductive output), and discord may act differently on
group behavior. Perhaps more importantly, the decrease in egg production shows that
disruptions of group cohesion can hamper individual success, even for the “winners”.
This reveals a group-level effect on courtship success, independent of individual quality.

Figure 3.4 Experimentally disrupting cohesion reduces egg production
As in Figure 3.3, A and B depict the cohesion networks, here showing a single aviary
across two years. In B, green dots represent juvenile males. C shows the mean eggs sired
by males as a function of their cohesion. Error bars depict +- 1 SEM. D. Shows the
change in adult cohesion across aviaries, excluding juveniles. Cohesion was calculated as
the mean correlation coefficient (as in Figure 3.2). In both cases, the cohesion among
adult males was lower when juveniles were present.
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3.2 Conclusions
Given the complexity of quantifying group cohesion and the sample sizes
required to link group behavior to reproduction, it has been generally impossible to link
cohesion to reproductive output. Here, we successfully measured group cohesion and
demonstrated that cohesion predicts egg production across 17 groups of cowbirds.
Consistent with this result, were able to confirm that experimentally disrupting cohesion
reduces egg production. Our findings show that group cohesion is linked to group
fitness, providing insight into the importance of social behavior in courtship, and
suggesting selection also occurs at the group-level.
In the wild, cowbirds gather in large flexible flocks during foraging. During
breeding season, females establish loosely defined territories in which they forage for
nests, and males tend to court females in small groups, engaging in both male-male song
and female directed song. The nature of these group displays has never been studied, but
we might expect that the cohesion of these small groups may predict reproductive
success, and that the larger group cohesion could also predict group fitness. The
increasing accessibility of remote tracking could make these experiments possible,
revealing the importance of cohesion in natural contexts.
While group-level selection has been historically controversial (Leigh, 2010; J. M.
Smith, 1964; M. J. Wade, 1978) many biologists now recognize multilevel selection as a
powerful and potentially important evolutionary force (Goodnight & Stevens, 1997) . As
cowbird groups are flexible, individuals can likely select the groups in which they
participate, as well as influencing the group in which they reside. Prior work has also
demonstrated that female behavior can determine the stability of social groups both in
cowbirds (Maguire et al., 2013). Thus, individuals may be able to create or associate with
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groups that benefit from high cohesion, and this ability may be a powerful factor in
individual fitness, as well as that of the group.
Many questions remain regarding the importance of cohesion in determining
individual and group success, and we were only able to observe this effect by combining
many years of past behavioral observations. Although careful experimentation is needed
moving forward, it is likely that similar datasets exist in other species which could reveal
the importance of cohesion across taxa and demonstrate whether cohesion is indeed a
general principal of social organization.
3.3 Methods
Subjects and Housing
Male and female cowbirds were wild-caught in Montgomery County
Pennsylvania (2002-2010), and in Ontario, Canada (2017) and housed in large
(18.3 × 6.1 × 3.7 m) aviaries. Birds were maintained in similar conditions for all
experiments (although specific flock distribution and bird densities vary, see Table 1).
Aviaries contained artificial nests in which we placed white host “eggs” to stimulate
laying. Captured individuals were housed in aviaries for at least 6 months prior to
behavioral observations to allow time to habituate to captivity. Birds were fed a modified
version of the Bronx Zoo Diet for omnivorous birds. Both food and water were provided
ad libitum.
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Table 3.1 Overview of aviaries
Aviary Name

Start Date

End Date

Males

Females EggScore Cohesion KS Score KS Pvalue

PH1-2006

03-15-06

05-11-06

5

12

1.502

0.251

0.102

0.001

PH2-2006

03-22-06

05-11-06

14

13

0.542

0.037

0.092

0.002

PH3-2006

03-15-06

05-11-06

5

11

1.679

0.185

0.15

0.0005

PH4-2006

03-15-06

05-11-06

16

13

0.653

0.07

0.129

0.0005

PH1-2007

03-09-07

04-24-07

10

27

nan

0.095

0.116

0.0005

PH2-2007

03-09-07

06-06-07

8

15

0.552

0.108

0.108

0.0005

PH3-2007

03-09-07

06-05-07

8

19

0.823

0.106

0.076

0.0005

PH4-2007

03-09-07

04-24-07

11

24

nan

0.122

0.094

0.001

PH1-2008

03-26-08

06-06-08

10

14

0.855

0.109

0.09

0.0005

PH2-2008

05-10-08

06-06-08

7

9

1.316

0.139

0.103

0.0005

PH3-2008

05-10-08

06-06-08

9

10

0.933

0.119

0.109

0.0005

PH4-2008

03-26-08

06-06-08

11

17

0.811

0.084

0.11

0.0005

PH6-2009

04-22-09

06-02-09

10

13

2.253

0.09

0.061

0.004

PH7-2009

05-28-09

06-09-09

8

12

1.233

0.106

0.106

0.0005

PH8-2009

04-22-09

06-02-09

10

13

1.682

0.087

0.071

0.001

PH6-2010

05-03-10

06-11-10

8

11

1.244

0.181

0.115

0.0005

PH7-2010

04-10-24

06-11-10

9

10

1.442

0.243

0.107

0.0005

ON1-2017

05-22-17

06-28-17

11

11

0.598

0.121

0.072

0.002

ON2-2017

05-21-17

07-04-17

13

19

1.02

0.093

0.102

0.0005

Behavioral Observations
The methods for gathering behavioral data from these aviaries have been
described previously (H. L. Anderson et al., 2021; White et al., 2002). In brief, expert
observers identified birds using distinct colored leg bands, and recorded the actor,
receiver, and the behavior type for a variety of vocal and no-vocal behaviors, which were
automatically stored with timestamps using speech-to-text software. Observers
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performed “scan-sampling” generally attempting to record behavior from as many
individuals as possible rather than focusing on one individual, making this dataset
particularly well suited for studying group trends. Observers could rough one behavior
every 1-2 seconds. Observers attempted to gather data from all areas of the aviary rather
than focusing on specific individuals.

Defining Metrics
Cohesion is defined as the correlation of the percentage of song directed to
females. This was important because, unlike many measures of correlated activities, this
measure was unaffected by baseline song rates. For Figure 3.1, behavioral data was
divided into 100s bins (in order to maximize the number of songs captured in a single
bin). In all other analyses we used 60s bins, to balance the number and size of bins.
There was no dramatic effect of bin size, but for the main effect of cohesion and egg
score, we calculated cohesion for all bin sizes between 45-90s and computed an average
value for each aviary, in order to prevent a bin-size effect.
Within each bin, for each male, we calculated the proportion of songs directed to
females (based on the noted receiver). If the male sang 0 songs, this value was
undefined. After calculating the proportion of song directed to females for every male in
every time bin, we calculated the pairwise Pearson’s correlation across all overlapping
time bins for each male-male pair (thus in rare instances where males never sang in the
same window, their correlation was undefined). Aviary cohesion (see Figure 3.1, Figure
3.2) was defined as the mean correlation across all male-male pairs.
Egg score was calculated for each aviary in comparison to the mean expected
number of eggs for a given number of females over a given time period. Because egg
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production varies across the season, and the date ranges included for each aviary varied
(Table 1), we could not simply count eggs per female. Instead, we calculated the mean
number of eggs per female produced on any given day in the season, averaging across all
aviaries. We smoothed this using a gaussian kernel to prevent possible artifacts. Then,
for each aviary we calculated the sum of expected eggs per female across all days
included, and then multiplied by the number of females. This represents the expected
number of eggs. We divided the actual eggs by this value to get the egg score. Thus, an
egg score of 1.5 represents 50% more eggs than would be expected for an aviary, given
the number of females and the specific date range.
Individual degree cohesion was defined for each male as the number of
correlations greater than .1. This was based on our calculation of degree when plotting
cohesion networks (see below). We chose this metric to emphasize the number of
stronger connections rather than weighting very small ones, while also preventing
individual outliers from disrupting the measure dramatically. Discord was similarly
defined as the number of strong negative connections (r < -0.1).

Analyses
All analyses were conducted in Python 3.5 using readily available libraries.
Statistics were performed using statsmodels or the stats Python library. Custom written
code was used for bootstrapping confidence intervals (Figure 3.2) and for averaging
across window size, as well as for processing the data and producing the figures. All
figures were created using Matplotlib. Network figures and analyses uses NetworkX. All
source data, along with the code for all analysis is available on GitHub
(github.com/aperkes/aviaryanalysis) as a Jupyter notebook
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CONCLUSION

Reproductive fitness comes through complex interacting processes, not merely
through female preference for male signals, and brown-headed cowbirds provide a
unique opportunity to study courtship behaviors at multiple levels. Throughout this
dissertation I have sought to address two questions: 1) How do females control their own
reproduction and how do males in turn influence females. With this in mind, the three
most important findings of my work are: 1) There is evidence that female copulation is
gated by a variable behavioral state. 2) the song system may regulate female copulatory
behavior, and 3) based on our observations, there is clear potential for skillful courtship,
both at the level of the individual and the group. In the process of performing these
experiments, I have developed systems to quantify courtship behavior both under
controlled conditions (Chapter 2) and in more naturalistic contexts (Appendix B). These
main findings suggest several diverse mechanisms that determine reproductive output,
and future experiments can build upon these findings using the approaches I have
developed to discover the fundamental drivers of fitness.
1. The complexity of copulation
According to my established definition–information transfer between sexes that
promotes reproductive success–copulation is courtship. Although copulation is arguably
the most straight forward aspect of courtship, it is still subject to multiple interacting
mechanisms of control. Chapter 2 provided evidence for two specific hypotheses: 1. The
copulation solicitation display (CSD) is a reflexive response to male stimuli, and 2. CSD
is subject to underlying state, such that a responsive female state is necessary and can be
sufficient to generate CSD in response to a song, regardless of quality.
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Those two results contradicted our predictions and were wholly unexpected, even
though they essentially confirmed nearly century-old behavioral theories (Lorenz, 1937);
however, they did not match our idea of females as choosy arbiters of male quality. In
fact, it appears that males can effectively force copulations through sensory stimulus.
This is the first hypothesis we should test. If it is true that sensory stimulus drives
females to involuntarily produce CSD, we would predict that females have behavioral
strategies for preventing unwanted copulation, escalating an evolutionary arms race for
reproductive control. There is some evidence for this already (Appendix A), suggesting
that females use chatter to diminish the potency of male song. Given this, cowbirds could
be an excellent system for studying sexual conflict and copulatory control, but we must
first establish that these hypotheses are correct.
We can begin by testing female cowbirds in song playback experiments. The most
obvious place to start is by directly testing whether behavioral state predicts CSD. In
Chapter 2, I used the number of CSDs produced to get a coarse estimate of behavioral
state, however we could measure behavioral state explicitly. Other researches have used
biometrics and tracking to infer individual behavioral state and even predict responses
(Calhoun et al., 2019; Y. Liu et al., 2021; Pereira et al., 2020). I have developed tools to
quantify female pose (Chapter 2, Appendix B), and we could expect measures of female
behavior (e.g. feather volume, posture, average motion, etc.) to reliably reflect their
behavioral state. I made an attempt at this during the analysis of CSD for Chapter 2,
however I had not intended to do so when designing the experiment, and we lacked a
sufficiently large dataset to account for individual variation, in part because our pre-CSD
recordings were inconsistent.
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Given our earlier limitations, we should expect to be more successful when
designing an experiment specifically for capturing female behavioral state, however it is
certainly possible that female behavior, particularly in the confined contexts of playback
boxes, does not reliably reflect behavioral state. If this is the case, we could rely on
sensing neurosteroids in the brain to more directly capture behavioral state. Estrogen
seems the most likely candidate, as estradiol concentrations have been shown to
fluctuate over short (15 minute) timescales in the brain (Remage-Healey et al., 2012),
and estradiol concentration has been shown to predict female sensitivity to song
(Remage-Healey et al., 2010a), as well as the fact that exogenous estradiol drives nonselective CSD in a variety of species (Searcy & Capp, 1997; Searcy & Marler, 1981; Yokel
& Rothstein, 1991). Measuring estradiol concentrations could be done through
microdialysis (as in Remage-Healey et al, 2010), or perhaps with shorter latency using
“sniffer” molecules targeted for estradiol (as in Christensen et al., 2014, although the
target is different). Regardless of the method, this would provide an internally derived
measure of behavioral state, which we could then use to predict CSD production and
more directly measure the interaction between signal potency and behavioral state in
driving copulation.
In the wild, females rarely produce CSD in response to male song, suggesting
both that the variable response threshold may remain less permissive in natural
conditions, and that females may have alternate defenses against unwanted copulation.
We have already found evidence for one method of behavioral control in the form of
female rattle/chatter vocalizations. Focal sampling (Appendix A) found that females
chatter with very short latency in response to male courtship, however only 6 copulations
were observed, making it difficult to draw conclusions. Artificial playback of rattle
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reduces song potency, confirming that it could function to prevent CSD, however we
have not tested this with females rattling themselves. Females rarely rattle in song
playbacks, but this may be because, unlike natural male songs, females cannot anticipate
the onset of male song. By cueing male song with natural or artificial stimulus, we could
likely stimulate females to produce rattles and, if so, test whether these rattles prevent
them from producing a CSD. This would be particularly powerful if supported by the
measures of behavioral state defined above, from which we could determine the
probability of producing CSD if no rattle had occurred.
Ultimately these experiments could be extended to a more natural context to test
whether behavioral state predicts CSD and copulation in freely behaving birds. As stated,
copulation is rarely observed in captive aviaries simply because observers cannot record
everything, and copulations are rare, relative to song. Over the past 6 years, we have
developed a Smart Aviary (Appendix B), a system that can capture and quantify the vocal
and postural behavior of all animals in an aviary over the course of the breeding season.
Because we are able to record nearly all behaviors for all individuals present, our aviary
could provide us with a measure of female behavioral state. Inferring behavioral state
could be more difficult given the lower resolution available in the aviary vs. playback
boxes, however the aviary also provides a far larger dataset with birds behaving across a
much broader range of behavioral contexts, which may actually make it easier to infer
behavioral state from video. Assuming we are able to measure the underlying state of
females, we could study the importance of behavioral state in copulation and explain the
mechanisms which drive the variance in female behavior during courtship.
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2. The song system as a neural circuit for courtship
The original aim of my thesis was to uncover a role in females for the song
system–a group of connected regions long thought to be dedicated for male song
production. Ultimately, my dissertation addressed other hypotheses, but my work lays
the groundwork for addressing this question, and discovering the function of the female
song system remains important for two main reasons. From a neurobiology perspective,
studying the function of the song system in a new context would reveal how the brain
uses the same areas to modulate different behaviors. But perhaps even more
importantly, the song system could provide clear targets for investigating the
mechanisms behind a wide range of courtship behaviors. We know a great deal about the
mechanisms of song control but know very little about the mechanisms of courtship
generally (e.g., postural displays, preference formation, copulatory control, etc.). The
song system provides a launch point from which to begin our investigations. If we could
measure neural activity related to courtship, we would have a means of measuring the
hidden internal state of the animal in order to understand the motivations and
information that drive individual action.
Despite failing to record from cowbird brains, my research provides several new
insights into the possible role of the song in courtship. Based on our best interpretation
of earlier lesion studies, we proposed the “brake hypothesis” (see Chapter 1). In brief,
since lesioned targeted at HVC (an auditory-motor region in the forebrain important in
song production) disrupted song selectivity but not CSD, we argued that HVC inhibits
CSD except in the case of high potency song. This was a very reasonable interpretation of
the data, however our experiments in Chapter 2 largely contradicted this hypothesis.
Furthermore, the existence of a variable response threshold means that what we
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interpreted as a loss of selectivity may simply have been a decrease in the response
threshold, rather than some specific inhibition of CSD to low potency songs. Direct
experimentation is necessary to understand this, and after 7 years of preparation, we are
well positioned to test the role of the song system in females and in courtship behavior
generally. The neural regions are now well characterized in cowbirds and zebra finches
(Burke et al., 2019; Shaughnessy et al., 2019), and we are experienced with generating
and quantifying courtship behavior.
Although there are multiple avenues of investigation, we could begin by simply
replicating prior lesions (e.g., Maguire et al, 2013), using genetic techniques to target
HVC specifically. In the past, CSD was measured as a binary response, averaged across
all presentations, and authors concluded that there was a loss of selectivity. Here, we
could use the tools we have developed to characterize the change in response rate,
latency, and initial selectivity. If HVC truly functions in inhibiting CSD, we might expect
the loss in selectivity to be accompanied by a consistently low latency. On the other hand,
if HVC acts indirectly, by modulating the response rate, we would expect the behavior to
be consistent with a typical, albeit highly responsive bird. Temporary inhibition of HVC
(using microdialysis of muscimol, or optogenetic inhibition) would allow us to directly
test whether selectivity vanishes during inhibition (as would be predicted by a corticalinhibition model), or instead if we observe a gradual increase in response rate, as we
might expect from HVC interacting with other brain regions that mediate behavioral
state.
Finally, we could study the effect of targeted HVC lesions in social contexts using
the Smart Aviary. In the past, lesioned females drove changes in the amount of male
song directed to non-pairbonds and disrupted male hierarchies (Maguire et al, 2013),
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however at the time, observers were unable to identify any difference in the female
behavior. Using our aviary, we can assess what behaviors (e.g., distance to males,
chatter, wingstrokes) separate them from normal birds, to finally understand how
lesioned females drove the disruption of the social network. We might expect lesioned
females to become less selective to their pairbonds, producing behaviors which would
normally be reserved for their chosen mate, revealing an alternate function of the song
system for driving pairbond fidelity in females. If in performing more careful lesions and
tracking the behavior, our experiments fail to link HVC to selectivity, the null result
would suggest that some other HVC-adjacent area is driving selectivity, which would
reframe over 20 years of HVC targeted lesions. Regardless of the outcome, by
investigating the neural correlates of courtship we can begin to understand courtship
behavior with far greater depth than would be possible otherwise.
3. The importance of skillful courtship
The complexity of the behavioral and neural control of courtship provides an
excellent system to study skillful behavior. Sih et al (2019) define “skills” in terms of
performance when making decisions. Thus, being able to produce a highly potent song is
not considered a skill, however the optimal use of such a song would be. Although it has
long been known that individual animals vary in their aptitude for different behaviors, it
is only recently that we have begun to investigate the importance of consistent variation
in behavioral skills. In courtship, the effect of behavioral skill can be particularly
apparent, as some individuals are able to secure many more and higher quality mates,
despite apparently similar physiology (White, 2010; reviewed in Sih et al., 2019). As we
have discussed, cowbird courtship can be observed in captivity, and the variation in eggs
produced makes it possible to link behavioral variation to fitness. Prior studies in
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cowbirds have found evidence of skillful behavior in various aspects of courtship
(Gersick et al, 2012, White, et al, 2010, Gersick & White, 2018). My research points to
three possible aspects of skillful courtship: 1) the variation in female behavioral state, 2)
the specificity of song production, and 3) the cohesion of group behavior.
The existence of flexible behavioral state implies that the decision of when to
court females has a large impact on reproductive success. As stated above, using our
Smart Aviary, we can capture the timing, song type, and even specific acoustics of male
songs to females, and we should also be capable of identifying the behavioral state of the
female. Given this information, we can assess how well each male times their courtship
to the periods when the female is receptive. We might predict that more experienced
males do this very effectively, while juvenile or inexperienced males tend to court
females more randomly. Anecdotally, well established pairbonds often appear to require
just a single song to stimulate the female to produce CSD (Dave White, personal
communication), which may be a function of a high level of synchrony between male
courtship and female receptivity. With this in mind, we can also test whether the degree
of state matching predicts reproductive output.
The above predictions only assume males are sensitive to female state, but we
would also expect males to be able to influence the state of the female, stimulating her to
be more responsive. (What is communication if not attempting to alter the behavior of
another organism?) By aligning the behavior of a male to the periods in which his
pairbond is receptive, we could observe whether some or all males display consistent
behavior in the minutes prior to receptivity, suggesting that this behavior serves to
modify the state of the female. Here again, we should expect more successful males to
have more consistent patterns of courtship prior to copulation, while less successful
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males might only obtain copulations through brute force (i.e. courting the female
frequently enough that he randomly overlaps with a responsive window). This variation
in skill may even explain why some males successfully pair with multiple females, which
would presumably require higher efficiency in courtship, in addition to simply more
activity. None of these ideas were possible to test prior to the Smart Aviary, as scan
sampling, by design, doesn’t capture the full history of behavior for a single individual,
while focal sampling is so labor intensive as to be intractable for questions requiring such
large amounts of data.
In addition to the timing of song, courtship skill is likely manifest in the specific
song produced. We know that males posses multiple songs (Dufty, 1985), and that male
cowbirds tailor their courtship based on context (O’Loghlen & Rothstein, 2010a); it even
appears that males vary the potency within a single song type based on context (Gersick
& White, 2018). Prior experiments have been limited based on the datasets they could
gather, however we can now measure the acoustic properties of every song sung based on
context and describe in which contexts males use different songs. We would again expect
that experienced males more consistently match the song type to the specific context.
Eventually, we could even pair this with neural recordings within the song system to
investigate the neural correlates of skillful courtship. It is unclear how birds with
multiple repertoires select and generate different songs, however the volume of HVC has
been linked to the size of repertoires (J. A. Pfaff et al., 2007), and recording from HVC
may reveal the mechanisms governing skillful repertoire use in courtship.
Finally, the cohesive timing of song in groups of males may itself be a function of
behavioral skill. While we have demonstrated that group cohesion predicts reproductive
output, we know very little about what drives this cohesive behavior. If we approach it
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from the viewpoint of an individual, males must observe the group trend and decide
whether to follow the group consensus or ignore it. The degree to which males behave in
concert determines the cohesiveness of the group, and likely has a strong effect on their
individual fitness. We might expect, as in other systems, less experienced males to be
more likely to follow the group, while more experienced males are more likely to behave
individually and drive the group behavior. Consistent with this hypothesis, in Chapter 3
we observed that the most cohesive males actually tended to be less successful than the
moderately cohesive males, which could be the result of inexperienced males simply
matching group behavior (perhaps to compensate for an inability to perceive and
manipulate female state). Addressing these questions will be far easier in the Smart
Aviary, as we will have a full readout of the behavior of every male, not just a subset of
their song events. Thus, we will be able to define cohesion not just by male directed vs
female directed song, but by the full cowbird ethogram including foraging, bathing,
responding to sudden disruptions, etc.
Here again, we have an incredible opportunity for identifying the neural basis of
skilled social behavior. Using wireless recording in males, we can identify how males
encode the state of the group and drive associated responses. In this case, we may first
wish to target the hippocampus, rather than the song system. Prior work has shown
evidence for “social place-cells” that encode the state of the social environment, (Omer et
al., 2018), and interacting males have been shown to display synchronous activity,
suggesting some level of shared social knowledge (Zhang & Yartsev, 2019). Thus, we
would expect to identify how males represent the social landscape within the
hippocampus. This would also represent a dramatic increase in the complexity and
relevance of the natural behaviors observed over prior studies, potentially making the
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results extremely interesting, although also suggesting that we will need a very large
dataset in order to compensate for the higher degree of behavioral variation.
Finally, although I have talked a great deal about male courtship skill, I have
repeatedly argued that females play an active role in courtship, and we would expect
females to also play a role in driving group behavior. As mentioned, in past experiments,
HVC-lesioned females disrupted the stability of social networks, failed to form pairbonds
normally, and seemed to drive instability in the male hierarchy (Maguire et al, 2013).
Though they did not measure it at the time, we might also expect the females to have
driven a change in group cohesion. The change in group order was presumably the result
of some dysregulation in the behaviors females performed. By repeating this experiment
within our aviary, we could capture the loss of normal female behavior that would
otherwise maintain social structure. This would reveal skillful behaviors by the females
that serve to increase flock cohesion, which is apparently beneficial to their reproductive
fitness. We could then test whether normal variation within these female behaviors
predicts the level of group cohesion and reproductive output within normal aviaries. This
could establish a role for females in skillfully mediating group cohesion which in turn
affects the individual reproductive fitness of every individual present.
Final Thoughts
By combining powerful computation approaches with careful ethology, we can
begin to grapple with the full complexity of social behavior. In doing so, we must
recognize that fitness is not simply a function of which male has the highest quality
signal; rather, courtship is a web of interacting preferences, skills, and external factors,
all of which are being constantly perturbed by the actions of other individuals, male and
female. With such a complex system, advances will come through careful
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experimentation, as even a very smart aviary may be insufficient to capture sufficient
data to take an unsupervised approach or compensate for flaws in the experimental
design.
All of this work was performed in cowbirds and there still remains a great deal of
future directions without requiring other species, however the mechanisms observed
here likely apply to social organisms across taxa and as researchers investigate the
importance of these mechanisms in other systems, we can gain a broad understanding of
the fundamental mechanisms determining reproductive success.
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APPENDIX A: FEMALE SIGNAL JAMMING IN A SOCIALLY MONOGAMOUS BROOD
PARASITE
This section refers to work in: H. Luke Anderson, Ammon Perkes, Julian S. Gottfried,
Hayden B. Davies, David J. White, Marc F. Schmidt. 2021. “Female signal jamming in a
socially monogamous brood parasite” Animal Behaviour: 172, 155-169.
Abstract: Acoustic signalling is vital to courtship in many animals, yet the role of
female vocalizations is understudied. Here, we combine observational and experimental
methods to assess the courtship function of the female chatter call in brown-headed
cowbirds, Molothrus ater. While the chatter call is likely multifunctional, it is frequently
used in social interactions and overlapping duets with males during the breeding season.
Based on a combination of focal- and scan-sampling data from large naturalistic aviaries,
we did not find support for the hypothesis that the chatter call elicits male attention or
encourages continued courtship. However, we did find evidence that the chatter call
plays a role in pair bond formation, as females preferentially chattered in response to
songs from pair-bond males in the 2 weeks leading up to the median date of first
copulation. Females were less selective in male-directed chatter use after copulations
began. We also found support for the hypothesis that chatter is used to signal-jam male
songs. Frame-by-frame video analysis revealed that the majority of female chatter calls
were tightly time-locked to song, occurring less than 500 ms after male vocal onset. To
test the effect of signal jamming on male song potency, we designed a laboratory
experiment in which male song playbacks were jammed by various recorded stimuli.
Natural chatter calls more effectively reduced female copulatory responses to song than
high-pass filtered chatter calls, suggesting that the low frequencies in natural chatter (2–
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4 kHz) are important for interfering with male song and reducing its potency. Our results
suggest that sexual conflict is operating in cowbird courtship, with signal jamming
serving as a mechanism by which females guard, resist or select their mates. We also
discuss ways in which cowbird vocal interactions may function cooperatively to
coordinate reproduction or transition females into breeding condition.
A.1 Introduction
Acoustic signalling is an important mode of communication for a wide range of
animal taxa, particularly in the context of courtship. In birds, male song is used to
defend territories, structure dominance hierarchies and attract mates (Catchpole &
Slater, 2008; Dufty, 1986; Kroodsma & Byers, 1991; Rothstein et al., 1988). While
extensive research has investigated the form and function of male songs, comparatively
little is known about the role of female calls. There exists a striking diversity of femaletypical calls, which have been hypothesized to serve myriad functions (Amy et al., 2018)
including fertility advertisement (Montgomerie & Thornhill, 1989), mate quality
sampling (Sæther, 2002) and reducing harassment by males (Birks & Beletsky, 1987).
Given that successful courtship is ultimately the product of both male and female
behaviours, investigating female contributions to courtship is essential to fully
understand these complex dynamics (Riebel et al., 2019)
In some bird species, males and females vocalize in tandem–a phenomenon
known as duetting (Benedict, 2008; Farabaugh, 1982; Hall, 2004; Thorpe, 1972).The
utility of avian duets is likely context specific, and hypotheses for their functions range
from cooperative to conflictive (Dahlin & Benedict, 2014; Hall, 2004). Cooperative duets,
which may be either overlapping or antiphonal, can function in advertising coalition
strength, signalling pair bond cohesion or defending joint resources and territories
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(Brumm & Slater, 2007; Catchpole & Slater, 2008; Dahlin & Benedict, 2014; Hall, 2004;
Hall & Magrath, 2007; Marshall-Ball et al., 2006). Conflictive duets, on the other hand,
are often characterized by signal jamming (Grafe & Bitz, 2004; Slater et al., 2002; Tobias
& Seddon, 2009). Signal jamming is defined as the interruption of one signaller by
another, which is generally expected to result in a loss of information content (Brumm &
Slabbekoorn, 2005). In Peruvian warbling-antbirds, Hypocnemis peruviana, for
instance, mated pairs coordinate their duets when jointly defending a territory, but
females jam the song of their mate in the presence of lone females to hinder extrapair
mating opportunities (Tobias & Seddon, 2009). Thus, the function of duets may be
flexible (Dahlin & Benedict, 2014), and female vocalizations may be co-opted for signaljamming purposes when conflicts of interest arise.
Because the optimal reproductive strategies of males and females typically differ,
sexual conflict is thought to be pervasive in nature (Parker, 1979). A wide range of taxa
exhibit sexual conflict with regard to mating (Clutton-Brock & Parker, 1995; Daly, 1978),
which may arise due to discrepancies in optimal mating frequency, number of partners,
parental investment or mate quality (Chapman et al., 2003; Holland & Rice, 1998;
Parker, 1979, 2006). As a result, sexual conflict often manifests in the context of
courtship behaviour. Mate guarding, where individuals of either sex seek to limit their
mate's opportunities for extrapair copulations, is one well-known example (Birkhead,
1979; Sonnenschein & Reyer, 1983). Furthermore, in species where males engage in
persistent courtship, females may incur significant costs fending off unwanted suitors
(Clutton-Brock & Parker, 1995; Daly, 1978), sometimes leading to evolutionary arms
races (Chapman et al., 2003; Parker, 1979). Such arms races tend to be characterized by
the evolution of a male trait that enables exploitation of an underlying female preference
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or circumvention of female choice, which in turn leads to selection for resistance
mechanisms in females (Arnqvist & Rowe, 1995; Brennan & Prum, 2012; Holland & Rice,
1998).
Here, we explore courtship behaviour in the brown-headed cowbird, Molothrus
ater, a brood-parasitic songbird. Despite exhibiting no parental care, cowbirds typically
maintain social pair bonds throughout their breeding season (Darley, 1968, 1982;
Friedmann, 1929; Laskey, 1950; Louder, Balakrishnan, et al., 2019; White, King, et al.,
2010; Yokel, 1986, 1989). Like many songbirds, male cowbirds sing to females to elicit
the female copulation solicitation display (CSD), an inverted body posture that facilitates
mounting and insemination by males. Laboratory experiments have demonstrated that
the CSD can be elicited by auditory stimuli alone, and the songs of some males are more
‘potent’ than others based on their relative ability to induce this behaviour (King & West,
1977; Maguire et al., 2013; West et al., 1979, 1981b; West & King, 1986, 1988b, 1988a).
Notably, females often appear to treat courtship as harassment, and increased courtship
attention can detract from female efforts to locate and furtively parasitize nests (Yokel &
Rothstein, 1991).
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Figure A.1 Acoustic structure of brown-headed cowbird chatter call, song
and duet
(a) Spectrogram depicting a representative female cowbird chatter call. The call is
composed of repeated, chevron-shaped syllables. (b) Spectrogram depicting a
representative male cowbird song. This exemplar song contains two introductory note
clusters followed by a whistle. (c) Spectrogram depicting a representative cowbird duet,
comprising an overlapping male song and female chatter call.
Female cowbirds produce a loud, broadband chatter call (Burnell & Rothstein,
1994; Friedmann, 1929; also known as a 'rattle'; Figure A.1a) that is especially prevalent
during the breeding season and correlates positively with reproductive success (Kohn,
2018). As is the case for many calls (Marler, 2004), the chatter call is likely
multifunctional (Burnell & Rothstein, 1994). Females often ‘broadcast’ their chatter calls
(Friedmann, 1929), and sufficient within-population variation in the call exists that it
may be useful for individual recognition (Burnell & Rothstein, 1994). There is evidence
that the call attracts distant males, as chatter playback in the field results in male
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approach (Dufty, 1982a, 1982b; Rothstein et al., 1988). Territorial females are also
attracted to chatter playback (Dufty, 1982b; Stutchbury, 1997; Yokel, 1989), and this
renders the stimulus useful for luring and removing female cowbirds from the habitats of
threatened songbird species (Robinson et al., 1999). In contrast to its broadcast function,
the chatter call is likely antagonistic at close range (Burnell & Rothstein, 1994). Females
often chatter while exhibiting threat displays towards other females in territorial
interactions (Dufty, 1982a) and towards males singing courtship songs (Rothstein et al.,
1988; Yokel, 1989). There is also evidence that the chatter call serves as a mate choice
copying cue for other females: female cowbirds in laboratory playback experiments
preferred male songs that had previously been associated with recorded chatter calls
(Freed-Brown & White, 2009). Outside of the breeding season, the chatter call acts as a
species-specific ‘password’, orienting young cowbirds to members of their own species
after fledging the nest of a heterospecific host (Hauber et al., 2001; Louder,
Balakrishnan, et al., 2019; Lynch et al., 2017). Thus, the function of the chatter call likely
varies based on seasonality and social context.
During courtship, female cowbirds frequently chatter in conjunction with male
song, leading some authors to consider cowbirds a duetting species (Benedict, 2008; but
see K J Odom et al., 2015). Cowbird duets have previously been suggested to function in
maintaining the pair bond (Kohn, 2018; Maguire et al., 2013), and similar hypotheses
have also been proposed to explain female vocalizations in other icterids (Beletsky, 1982,
1985). However, given that these duets are not precisely coordinated and often overlap in
time (Benedict, 2008), we hypothesized that the chatter call may instead be functioning
as a jamming signal. According to this hypothesis, the broadband chatter vocalization
interferes with male song to impede its transmission. Female signal jamming could
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function in mate guarding, as other females would be less able to eavesdrop on the
courtship songs of paired males. Alternatively, signal jamming could provide a flexible
mechanism for reducing male signal potency, which could allow females to control the
outcome of a mating interaction.
To investigate the role of the female chatter call in cowbird courtship, we set out
to test the nonexclusive hypotheses that chatter calls function to (1) elicit or sustain male
courtship attention, (2) facilitate pair bond formation or maintain pair bond cohesion or
(3) signal-jam the songs of males. First, we characterized the ethological context of
chatter use by conducting focal video sampling of female cowbirds as they interacted
with other flock members in large naturalistic aviaries. Second, we analysed scansampling observational data across multiple aviaries and years to determine whether
female chatter use towards pair-bond and non-pair-bond males varies over the course of
a breeding season. Third, we used frame-by-frame video analysis to precisely quantify
the temporal dynamics of cowbird duetting and determine the prevalence of signal
jamming. Finally, we conducted a laboratory playback experiment to test the prediction
that jamming male song with chatter reduces male song potency.
A.2: Methods
Study System
Brown-headed cowbirds are generalist, obligate brood parasites found
throughout much of North America. Social monogamy is the predominant mating
system both in aviaries and in the wild (Darley, 1968, 1982; Friedmann, 1929; Laskey,
1950; Louder, Hauber, et al., 2019; White et al., 2010; Yokel, 1986a, 1989), although
some males maintain multiple pair bonds (Yokel, 1986a, 1986b) and certain ecological or
demographic conditions may lead cowbirds to be more promiscuous (Elliott, 1980;
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Strausberger & Ashley, 2003; White, King, & West, 2002). Many cowbird pairings are
also genetically monogamous–virtually exclusively so in aviaries (White et al., 2010) and
frequently so in the wild (Louder, Hauber, et al., 2019; Woolfenden et al., 2002; Yokel,
1986).
Sexual conflict in cowbirds cannot arise over allocation of parental care.
However, females alone invest considerable time and energy prospecting for host nests
(Friedmann, 1929; Hann, 1941; Norman & Robertson, 1975; Yokel & Rothstein, 1991),
which parallels the asymmetrical investment that occurs in female-biased parental care.
Female cowbirds lay an estimated 30-40 eggs per year on average (Fleischer et al., 1987;
D. M. Scott & Ankney, 1980), although the output of the most fecund females may be
substantially higher (Jackson & Roby, 1992). While males reportedly exhibit mateguarding behaviour (Dufty, 1982a), no definitive evidence for direct benefits to females
(e.g. vigilance against predators, access to resources, protection from extrapair courtship
harassment) has been found in cowbirds (Hauber & Dearborn, 2003; Yokel & Rothstein,
1991). Thus, male genetic quality is thought to be the primary driver of female mate
choice (Yokel & Rothstein, 1991).
During the breeding season, male cowbirds produce stereotyped songs that
function to both attract mates and maintain male dominance hierarchies (Dufty, 1986;
Rothstein et al., 1988). Male song comprises two primary elements: (1) the introductory
note clusters and (2) the high-frequency whistle (Figure A.1b). The distinctive ‘liquid’
quality of the introductory note clusters, attributable to rapid oscillation between lowand high-frequency notes, is generated by alternating airflow between the left and right
sides of the syrinx (Allan & Suthers, 1994). This rapid syringeal switching is similar to
the mechanism of high-potency syllable production in canaries (Suthers et al., 2012;
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Vallet & Kreutzer, 1995), and previous work in cowbirds suggests that the introductory
note clusters are the male song components most effective at eliciting female CSD
responses (King et al., 1986; West et al., 1979). Female cowbirds also attend to the visual
component of male displays, as audiovisual playback of male song enhances female CSD
responses compared to audio alone (O’Loghlen & Rothstein, 2010b; Ronald et al., 2017).

Aviaries and Subjects
All observations were conducted during the breeding season (March through
June) in large, seminaturalistic outdoor aviaries (18.3 x 6.1 x 3.7 m) in Philadelphia,
Pennsylvania, U.S.A. (2006, 2007, and 2010) and West Flamborough County, Ontario,
Canada (2017 and 2018). Aviaries were outfitted with shrubs, trees and additional
branches for perching. We also placed artificial nests, containing variable numbers of
wooden ‘host’ eggs, around the aviaries and monitored their activity with a motionactivated surveillance system (Geovision GV-1480 surveillance system, Irvine, CA,
U.S.A.). Subjects were wild-caught brown-headed cowbirds (M. a. ater), which were
trapped on site using funnel traps and marked with a unique series of coloured leg bands
for identification. Birds were provided with vitamin-treated water and a mixture of
millet, canary seed, and a modified version of the Bronx Zoo diet for omnivorous birds
ad libitum. Female reproductive output was scored by tallying the total number of eggs
produced by a given female (based on surveillance footage) throughout the course of a
breeding season.
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Focal Sampling
To gain insight into chatter use during courtship, we used focal video sampling to
track the behaviours of female cowbirds (N = 12) as they freely interacted in one of two
aviaries during the 2018 breeding season. We captured and characterized the social
context of every chatter produced by a focal female during a given sampling block. The
two aviaries contained mixed-sex flocks totalling 21 and 24 birds (Aviary 1: 10 males, 11
females; Aviary 2: 9 males, 15 females), respectively.
Focal video samples were collected during the 2018 breeding season, between 23
May and 29 June, using a Canon XA11 Pro Camcorder (Canon Inc., New York, NY,
U.S.A.). All videos were taken between 0600 and 1200 hours when the birds are most
active in courtship. Each focal-sampling block lasted 10 min. We ensured that all birds
were sampled equally at different times of the morning and never more than once per
day. Post hoc video analyses were conducted in Adobe Premiere Pro CC v.13.0 (Adobe,
San Jose, CA, U.S.A.) to annotate behaviours and ensure that all individuals were
accurately identified. During video analysis, we tracked female behaviours including
chatters, leaves (i.e. flying away from a male within 1 s of song or approach), lunges (i.e.
thrusting or pecking in the direction of an adjacent male), copulation solicitation
displays (CSDs) and copulations. We also noted the context in which each of the
aforementioned behaviours occurred (e.g. before/after male song, before/after male
approach, etc.) and recorded the number of songs a female received from individual
males.
For the purposes of a concurrent investigation, six of the females in each of the
2018 aviaries had lesions targeted to HVC, a brain region known to be involved in song
production in males and potentially involved in courtship behaviour in females. Because
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these individuals have been demonstrated to exhibit subtle changes in social behaviour
(Maguire et al., 2013), none of the lesioned females were chosen for focal sampling in
this study. Furthermore, we refrained from drawing aviary-level conclusions about
mating dynamics in the 2018 aviaries, and instead supplemented the 2018 focal
sampling of nonlesioned females with aviary-wide song, chatter and reproductive
success data obtained via scan sampling in four previous years (see Scan Sampling
below).

Scan Sampling
Scan-sampling observations were conducted in 10 aviaries in Philadelphia,
Pennsylvania, U.S.A., during the 2006, 2007 and 2010 breeding seasons and in two
aviaries in West Flamborough County, Ontario, Canada, during the 2017 breeding
season. During scan sampling, trained observers monitored the behaviours of all birds
interacting within an aviary. Following a song or chatter, observers shifted their
attention to the location of the event and noted the identity of both the vocalizing
individual and the recipient. Observers also recorded a variety of nonvocal behaviours,
including leaves, lunges and copulations. These data were collected in real time using
speech-to-text software, as detailed in previously published methods (White et al.,
2002). Prior work demonstrates that scan sampling is the most powerful method for
gathering data about all individuals in an aviary and yields a more comprehensive
account of total aviary interactions compared to focal sampling (White & Smith, 2007).
However, because our investigation focused on a specific female vocal behaviour, we
supplemented the scan-sampling data with focal sampling of individual females as
outlined above.
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Chatter Use towards Pair-bond versus Non-pair-bond Males
A female's pair bond was defined as the male that sang the greatest number of
songs to her over the course of a breeding season. This pair bond definition reliably
predicts copulations (Freeberg, 1996; West et al., 1996), and song from pair bonds
typically constitutes a large majority of the total songs a given females receives (Maguire
et al., 2013). While it is common for some males to form multiple pair bonds, females in
aviaries rarely form more than one (White, King, et al., 2010). Female cowbirds chatter
more to their pair bond in total (Kohn, 2018)–likely because they receive the vast
majority of courtship songs from him–but it is not clear whether females chatter
proportionately more to pair bonds compared to non-pair bonds. Thus, we aggregated
scan-sampling data across the 12 aviaries to determine whether females are more likely
to chatter to the song of their pair-bond (PB) male compared to the songs of non-pairbond (NPB) males.

Patterns of Chatter Use Across the Breeding Season
We tested whether patterns in chatter use to pair-bond versus non-pair-bond
males varied over the course of the breeding season by aggregating scan-sampling data
across 12 aviaries. This data set spanned four breeding seasons and contained 94 595
total observations, 196 females and 119 males. The duration of data collection in the
aviaries varied between years (Appendix, Figure A.A1), and not all aviaries were
represented for the entire breeding season. To mitigate the potential for small sample
sizes to drive any observed patterns, we only included dates for which there were data
from at least three aviaries (9 March through 10 June). We split the breeding season into
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two major stages, separated by the median date of first copulation across the 4 years (20
April). This date offered a rough estimate of when female cowbirds move into breeding
condition and mating begins.

Duet Timing Analysis
To investigate the temporal dynamics of cowbird duetting, we extracted duet
interactions (i.e. instances where both sexes vocalized) from the 2018 focal-sampling
videos. For each of these duets, we calculated the latency between the onset of male song
and the onset of female chatter using frame-by-frame video analysis in Adobe Premiere
Pro CC (frame rate = 29.97 frame/s; frame duration = 33.37 ms). In some cases, both
male and female beaks were visible during vocalizations and the moment of beak
opening by each individual could be used as an indicator of song and chatter onset,
respectively. In videos where one or both beaks were obscured, we combined audio and
visual information to estimate the onset of vocalization. For males, the point of song
onset was estimated by combining information from the waveform audio with the
trajectory of a bowing display performed by males known as the ‘song spread’, which
occurs in a stereotyped manner in concert with male song (Cooper & Goller, 2004;
O’Loghlen & Rothstein, 2010b). For females, the point of chatter onset was estimated by
combining assessment of the waveform audio with the point at which her body began to
visibly vibrate during call production. By combining these visual and audio components,
we are confident that our estimates of vocal onset are accurate to within two frames (i.e.
<66.73 ms).
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Playback Jamming Experiments
In response to high-quality male songs, female cowbirds demonstrate a rapid and
robust copulation solicitation display (CSD). The CSD can be induced by playback of
recorded male song to laboratory-housed female cowbirds, and variations on this
method have long been used to assay female preference and male signal efficacy (FreedBrown & White, 2009; King & West, 1977; Maguire et al., 2013; O’Loghlen & Rothstein,
1995, 2002, 2003). The ‘potency’ of male song is defined by its probability of eliciting
CSD across females during playback experiments, and there tends to be independent
consensus among females about which songs are the most attractive (Freeberg et al.,
1995; Maguire et al., 2013; West et al., 1981b, 1996). In our experiments, we do not use
exogenous hormone treatments and female responses correspond to song preferences in
aviaries (West et al., 1981b).
To test the effect of female signal jamming on male song potency, we devised a
laboratory experiment to artificially jam male song playbacks using female chatter
playbacks. We set up four speakers (Presonus E3.5e3.5” 2-way near field studio
monitors, PreSonus Audio Electronics, Inc., Baton Rouge, LA, U.S.A.): two speakers
(hereafter, the ‘song speakers’) faced towards the cages of nine singly housed female
cowbirds, and the other two speakers (hereafter, the ‘jamming speakers’) faced in the
opposite direction, back towards the song speakers (see Results, Figure A.7a). The song
speakers were placed 1.8 m away from the jamming speakers, and the jamming speakers
were placed either beside (experiment 1) or just in front of (experiment 2) the female
cages at the same height as the song speakers. The speaker orientation in this experiment
was intended to mimic the directionality that often occurs naturally in male-female
duets.
134

During the experiments, female cowbirds (N = 9) were placed into separate wire
cages on a 3 x 3 cage rack. Individuals in adjacent cages were in view of one another. The
cages (56 x 56 x 46 cm) contained food, water, cuttlebones and perching sites, and birds
were monitored daily by researchers or animal care staff. At 90 min intervals between
0700 and 1900 hours, the song speakers automatically played one of five male songs.
During control trials, the song speakers played a male song stimulus alone. During
experimental trials, which differed between the two experiments (see below), the
jamming speakers played a stimulus simultaneously with the onset of the male song
recording. The male song recordings represented a range of potencies, as determined by
their use in previous playback investigations with other females (Maguire et al., 2013).
All trials were captured on video by webcams, and the playback speakers and webcams
were automated and synchronized using a custom Python script. A blinded experimenter
manually reviewed webcam videos to score female responses (i.e. complete CSD = 1,
partial CSD = 0.5, no CSD = 0). A complete CSD was scored if a female adopted the full
copulatory posture (i.e. arched back, tail raised, cloacal and wing feathers spread, head
lifted). A partial CSD was scored if a female produced a brief or reduced version of the
posture in which the tail did not reach full extension. We conducted two similar playback
experiments, outlined below, using these general methods.

Experiment 1
The first playback experiment took place between 6 June and 21 June 2019. For
this experiment, the same chatter recording (obtained by recording a female cowbird
housed with a male conspecific) was used for all jamming trials, allowing us to determine
whether a single chatter could effectively jam multiple songs. Thus, there were 10 stimuli
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(i.e. five male songs alone plus the same five songs jammed by chatter), and all of these
stimuli together constituted a playback block. Stimuli were presented in a pseudorandom order (i.e. the stimuli within a playback block were randomized, and all 10
stimuli were played once before moving to the next randomized block). Prior to their use
in playback, all song and chatter sound files were normalized by root mean square
(RMS) amplitude using Audacity v.2.3.1 recording and editing software
(https://audacityteam.org/), and the peak amplitudes of all sound files were between 76
and 80 dB at the cages.
Prior to the experiment, females were housed with a mixed-sex flock in a large
indoor flight cage (2.4 x 1.8 x 2.4 m) and exposed to short-day light cycles (8:16 h
light:dark) starting in mid-December. Beginning in February, light schedules were set to
match the sunrise and sunset times of Philadelphia, Pennsylvania, and were updated
weekly. Thus, birds were gradually transitioned to long days (14:10 h light:dark) that
replicated breeding light conditions by the start of the experiment.
During the experiment, females were in natural breeding condition and received
no additional hormonal treatments to facilitate copulatory responses. For the purpose of
another study, five of these individuals had previously received electrolytic microlesions
unsuccessfully targeted to nucleus RA. However, extensive prior analysis demonstrated
that these birds did not differ from intact birds in song preferences, selectivity or
responsiveness (A. Perkes, personal observation), and thus they were included in the
present study. Over the 16-day period, a total of 120 trials were conducted comprising 12
playbacks of each song type with and without concurrent chatter calls. Two females were
ultimately excluded from analysis because they did not respond to any playbacks.
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Experiment 2
We conducted the second playback experiment between 9 July and 23 July 2020.
To add additional controls, we used the following jamming stimuli: natural female
chatter (N = 6), high-passed (>4 kHz) female chatter (N = 6) and low-passed (<4 kHz)
white noise (N = 1) (see Results, Figure A.7b). Chatter recordings were obtained from the
Xeno-canto bird sound database (Xeno-canto Foundation, www.xeno-canto.org) and
selected according to clarity and minimal ambient noise. To create high-passed chatter
stimuli, we applied a custom high-pass filter (>4 kHz) (created using the ‘Filter Curve’
equalization tool in Audacity) to the six natural chatter recordings. The high-pass filter
was specifically designed to exclude the frequencies in natural chatter that coincide with
the frequencies of the male introductory notes, which are thought to be the song
component primarily responsible for eliciting CSDs in cowbirds (King et al., 1986; West
et al., 1979). Thus, we predicted that high-pass (HP) chatter calls would be less effective
at jamming male song than natural chatter calls. Finally, we created a low-pass white
noise stimulus that included all frequencies between 100 Hz and 4 kHz. We expected this
to be the most effective jamming stimulus, as it was designed to completely mask the
frequencies in the male introductory notes responsible for eliciting CSDs. Prior to their
use in playback, all song and chatter sound files were normalized by RMS amplitude
using Audacity v.2.4.2 recording and editing software. Measured at the cages, the peak
amplitude of song stimuli was 85 dB (as per Freed-Brown & White, 2009; M J West et
al., 1996; D J White et al., 2002), and jamming stimuli peaked at 85 dB (white noise) or
95 dB (natural and HP chatter). All playback stimuli were approximately 1 s in duration.
The 70 playback conditions (i.e. five songs alone, five songs jammed by six natural
chatters, five songs jammed by six HP chatters and five songs jammed by white noise)
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were presented pseudorandomly using an automated playback system as in experiment
1.
Prior to the experiment, females were overwintered in a vivarium with exposure
to males. Females were housed in cages (56 x 56 x 46 cm) either singly or with another
female. Birds were exposed to short-day light cycles (10:14 h light:dark) beginning in
mid-November. Due to the COVID-19 pandemic, we were unable to conduct experiments
in the facility and thus did not resume long-day cycles (14:10 h light:dark) until 26 May
in an effort to postpone the breeding season. The delayed onset of summer light cycles
extended the period that females were responsive to playbacks further into the summer.
Although overall female responsiveness was lower than in previous experiments,
patterns of selectivity remained normal. No hormonal manipulations were used to
facilitate female copulatory responses.
Two cohorts of females participated in experiment 2. The first cohort (N = 9)
received playbacks from 9 July to 16 July. On the afternoon of 16 July, the birds were
removed from the experimental setup and replaced by a second cohort of females (N =
9). We resumed playbacks on 17 July and continued until 23 July. Each cohort received
60 playback trials comprising three presentations of each songetreatment combination.
Five females were ultimately excluded from analysis because they did not respond to any
playbacks.

Ethical Note
The wild female cowbirds that participated in playback experiments (N = 27)
were caught at the Marshak Dairy Farm (Kennett Square, PA) using a baited funnel trap
(2.4 x 1.2 x 2.4 m). Birds are attracted to the presence of food or other cowbirds inside
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the trap, but they are unable to find a way out after entering through the funnel
(Robinson et al., 1999). The trap was checked each afternoon and provisioned with
ample food, water and natural perches at all times. Trapping was approved by the
Pennsylvania Game Commission (Special Use permit no. 34866) and the U.S. Fish and
Wildlife Service (permit no. MB63583B-0). Birds were transported from the trapping
site in an air-conditioned vehicle inside plastic dog kennels. Kennels measured 71 x 50 x
50 cm and were outfitted with natural perches and thoroughly cleaned between each use.
Fewer than 10 birds (including no more than one male) were transported in each kennel,
and birds spent fewer than 2 h inside the kennels. Upon arriving at the research facility,
birds were quarantined in either an outdoor aviary (2.4 x 1.2 x 2.4 m) or in cages (56 x 56
x 46 cm) in a separate vivarium space for at least 2 weeks prior to introduction to other
birds. During this time, we performed tests to screen for common diseases. The vivarium
space was kept at 24˚C and 30% humidity. Through the use of multiple lighting sources,
light transitions in the vivarium occurred over a 45 min period to more closely match
natural crepuscular transitions. Birds were provided with perches, enrichment and ad
libitum water and food (modified Bronx Zoo diet for omnivorous birds) at all times.
Animal care staff or researchers checked on all birds daily for any signs of illness, injury
or distress. All protocols were compliant with ASAB/ABS guidelines and approved by the
Institutional Animal Care and Use Committee of the University of Pennsylvania (IACUC
protocol numbers 806007, 806651 and 806727) and the University Animal Research
Ethics Board of Wilfrid Laurier University (UAREB proposal no. 17000).
Statistical Analyses
To analyse the results of the first playback jamming experiment, we developed a
generalized linear mixed-effects model (GLMM) using the ‘lme4’ package in R (Bates et
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al., 2015). This package allows for incorporation of a binomial error structure (possible
female responses were between 0 and 1) and multiple random effects. The full model
included the following: CSDs elicited per playback as the response variable; jamming
treatment (i.e. control or chatter), song, and their interaction as fixed effects; female
identity as a random slope; and playback date and time as random intercepts. An
optimizer (BOBYQA) was used to facilitate model convergence. We validated the model
using the R package ‘DHARMa’, which allows for intuitive visualization of lme4 residuals
(Hartig, 2017). A similar GLMM was used to analyse the data from experiment 2. The
full model included the following: CSDs elicited per playback as the response variable;
jamming treatment (i.e. control, natural chatter, HP chatter or white noise) and song as
fixed effects; and female identity, playback date, playback time and jamming stimulus
(i.e. to account for different chatter and HP chatter recordings) as random intercepts.
The random effect of jamming stimulus was ultimately excluded because it did not
account for any of the variance in the model. We conducted post hoc pairwise Tukey tests
using the ‘emmeans’ package in R (Lenth et al., 2018) to compare the effects of the three
jamming treatments. All descriptive statistics are presented as means ± 1 SEM unless
stated otherwise.
A.3: Results
Chatter Use Varies Among Females
Over a period of 38 days during the 2018 breeding season, we collected a median
of five 10 min focal observation blocks per female (mean number of blocks = 4.8 ± 0.2;
minimum = 3, maximum = 6) from each of the two aviaries. Among the 12 females, we
observed a total of 588 chatters, 199 leaves and 40 lunges across 570 min of observation.
There was considerable variability in chatter use among females. The highest-chattering
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female produced 165 chatter calls across five 10 min observation blocks (33.0 ± 8.1
calls/block; rate = 198 calls/h), while the lowest-chattering female produced just one
chatter call across five 10min observation blocks (0.2 ± 0.2 calls/block; rate = 1.2
calls/h). The average number of chatter calls produced per observation block was 10.7 ±
3.2, yielding an average rate of 63.9 ± 18.9 calls/h across females.

Figure A.2 Percentage of male-directed female chatter calls observed
immediately following a male action
This boxplot shows the percentage of male-directed female chatter calls observed
immediately following a male action (e.g. song, approach, fly-by, or flight whistle),
between two male actions (i.e. following one male action and preceding a second male
action) and immediately preceding a male action. Coloured points represent average
values for individual females (N = 12) across focal observation blocks. Box plot lines
(bottom to top) represent minimum, first quartile, median, third quartile and maximum
values across all females.
Chatter Is the Most Common Female Response to Male Song
Following male song, females chattered 43.5 ± 8.5% of the time (maximum =
80.8%, minimum = 6.3%), left (i.e. flew away) 19.7 ± 3.3% of the time (maximum =
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38.4%, minimum = 3.3%) and lunged 9.7 ± 3.5% of the time (maximum = 31.3%,
minimum = 0.0%). In contrast, females exhibited no observed response to male song
28.7 ± 5.3% of the time (maximum = 61.6%, minimum = 4.2%). Thus, it is notable that
females, on average, were more likely to respond to male song with chatter than with any
other behaviour.

Male-directed Chatter Is Primarily a Response Vocalization
If chatter functions to elicit male attention (Burnell & Rothstein, 1994; Rothstein
et al., 1988), we should expect males to approach or sing to females soon after they
chatter. However, based on aviary focal sampling, females were significantly more likely
to produce chatter calls following male actions than preceding them (Wilcoxon signedranks test: V = 78, N = 12, P = 0.002). Among the chatter calls used in interactions with
males (N = 360), an average of 90.3 ± 3.0% occurred immediately (approximately 1 s)
following a male action, while only 4.4 ± 1.6% occurred immediately preceding a male
action (Figure A.2, Table A.1). Finally, an average of 5.3 ± 2.0% of chatter events
occurred between two male actions (e.g. a male approached a female, she chattered, and
the male sang to the female following the chatter). We also note that, in some instances,
females chattered for reasons that were unclear (Table 1). These events are likely
consistent with the previously noted ‘broadcast’ use of female chatter (Burnell &
Rothstein, 1994; Friedmann, 1929). However, these chatters did not have clear ties to
courtship, nor did they discernibly precede actions from males or other females. In
summary, we did not find support for the hypothesis that chatter is used to elicit male
attention or courtship behaviour, and we conclude that male-directed chatter calls are
primarily response vocalizations (Figure A.2).
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Figure A.3 Probability of pair-bond and non-pair-bond males singing to a
given female
This figure shows the probability of a pair-bond and non-pair-bond male singing to a
given female again based on her response to their initial song (i.e. no response, chatter,
or leave). ∗∗∗P < 0.001. Values are means ± 2 SEM.
Chatter Does Not Elicit Sustained Courtship from Males

Although chatter did not seem to initiate interactions with males (Figure A.2), we
hypothesized that chatter may encourage a male to continue courting a female within a
given interaction. To address this, we used time-stamped scan-sampling data across the
12 aviaries to determine whether a male that received a chatter call in response to his
initial song was more likely to sing to a female again in the following 30 s. We found that
males were no more likely to repeatedly sing to females that chattered compared to
females that exhibited no response (Figure A.3). This effect held true for both pair-bond
males (Welch's t test: t112.87 = 0.85, P = 0.40) and non-pair-bond males (t84.79 = 0.30, P =
0.76). Conversely, males were significantly less likely to sing again to a female that left in
response to his initial song (pair-bond males: t111.41 = -8.79, P < 0.00001; non-pair-bond
males: t79.42 = -3.69, P = 0.0004). Being that males have the option to pursue females
that leave in response to song, this result is not necessarily obvious. Therefore, while
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chattering does not appear to influence male courtship persistence or encourage
continued singing, leaving has a strong inhibitory effect on male courtship (Figure A.3).

Figure A.4 Seasonal variation in female chatter in response to song
(a) Average probability of female chattering in response to songs of pair-bond and nonpair-bond males across the breeding season. Asterisks denote weeks in which females
were significantly more likely to chatter in response to songs from pair-bond males than
in response to songs from non-pair-bond males (Welch's t test: ∗P < 0.05; ∗∗P < 0.001;
∗∗∗P < 0.0001). (b) Average number of songs females received/h from pair-bond and
non-pair-bond males across the breeding season. Asterisks denote weeks in which the
average number of songs females received/h significantly differed between pair-bond
and non-pair-bond males (P values as above).
Female Chatter Use Varies Across the Breeding Season
We used aggregated scan-sampling data across 12 aviaries and four breeding
seasons to test the hypothesis that chatter functions in pair bond formation. We found
that female cowbirds produced very few response chatters during March and early April
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(Figure A.4a) despite receiving song from both pair-bond (PB) and non-pair-bond (NPB)
males during this period (Figure A.4b). However, in the 2 weeks leading up to the
median date of first copulation, females became significantly more likely to chatter in
response to their PB male's song compared to songs from NPB males (Figure A.4a). One
week after the increase in female chatter probability towards PBs, pair-bond male song
rate began to significantly exceed the combined song rate of all NPB males (t493.03 = 3.33,
P = 0.0009) (Figure A.4b). The observed pattern of chatter use towards pair-bond males
just prior to the onset of mating may indicate a role for chatter in the pair bond
formation process.
If chatter functions in maintaining the pair bond, we should expect females to
preferentially chatter towards pair-bond males after these relationships have been
formed and mating is occurring (i.e. after the median date of first copulation). However,
females exhibited a marked increase in their probability of chattering in response to NPB
song the week after the start of copulations in the aviaries (Figure A.4a). During the
weeks of 27 April, 11 May and 18 May, females chattered in response to PB and NPB
songs with similar probability (Figure A.4a). This pattern was not driven by changes in
the frequency of NPB singing, as NPB song rates remained relatively constant
throughout the course of the breeding season (Figure A.4b). Unlike PB song rates, which
were significantly higher during the copulation stage of the breeding season than during
the pre-copulation stage (t4403.11 = 21.36, P < 0.0001), NPB song rates did not differ
between the two major stages of the breeding season (t6520.47 = 0.35, P = 0.73). We
suspect that variation in chatter selectivity may be linked to changes in female
behavioural state over the course of the breeding season. Given the similar probability of
response chattering towards PB and NPB males during several weeks in May, chatter
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likely serves functions other than pair bond maintenance at some stages of the breeding
season.

Figure A.5 Latency of female chatter calls in relation to male song onset
(a) Onset of female chatter calls relative to male song onset during all duets. Bars
represent the frequency of chatter onset per 33 ms time bin (equal to the frame rate of
the camera). (b) The timing of female chatters in duets with pair-bond males (blue
circles) and non-pair-bond males (green circles). A waveform of an exemplar male song
is included in the centre for reference. Box plots (left to right) represent minimum, first
quartile, median, third quartile and maximum values. Points outside the range of the
minimum and maximum values are outliers. Dotted red line represents male song onset.

Females Chatter with High Temporal Precision in Response to Male Song
146

Frame-by-frame analysis of focal video data revealed that female cowbirds tend
to chatter immediately following male song, with 60.6% of duet chatters (N = 109/180)
occurring in the first 500 ms after song onset (Figure A.5). In another 13.3% of cases (N
= 24/ 180), chatter onset pre-empted male song onset. Chatters beginning prior to male
song typically continued throughout the song, thereby jamming it in its entirety. Given
that most male and female vocalizations last about 1 s (Figure A.1), the observed timing
of female chatter onset indicates that cowbird duets are generally characterized by signal
jamming (i.e. maximization of overlap) rather than jamming avoidance (i.e.
minimization of overlap).
We also tested whether the timing of female response chatters differed when
chatters were used in duets with pair-bond versus non-pair-bond males. To account for
nonindependence in the data set (i.e. the same females were represented multiple times),
we calculated the average response time for each female in response to pair-bond and
non-pair-bond males, respectively. Females that were not observed duetting with both
types of males were excluded from the analysis. We then performed a paired Wilcoxon
signed-ranks test comparing a female's average chatter latency in duets with her pairbond male compared to her average latency in duets with non-pair-bond males. While
females chattered earlier in duets with pair-bond males (0.14 ± 0.11 s) than in duets with
non-pair-bond males (0.44 ± 0.13 s), the difference in means was marginally
nonsignificant (Wilcoxon signed-ranks test: V = 25, N = 7, P = 0.08). However, it is
notable that nearly all chatters occurring prior to or synchronously with male song onset
occurred in duets with pair-bond males.
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Figure A.6 Female leave rate as a function of male-directed chatters
Individual females' (N = 12) propensity to chatter versus leave in response to male
actions during focal observations. Coloured points represent individual females and
correspond to Figure A.2
Chatter is Negatively Correlated with Leaving
We hypothesized that individual females use either chattering or leaving (i.e.
flying away from a male) as alternative strategies for dealing with undesired male
courtship attention. This hypothesis was supported, as females with high chatter counts
(summed across all observation blocks) had low corresponding leave counts, and vice
versa (Pearson correlation: r10 = -0.67, P = 0.02; Figure A.6). Only chatters (N = 360)
and leaves (N = 199) that were observed in interactions with males were included in this
analysis, and instances where females chattered and left in the same interaction (N=61)
were excluded. To examine this negative relationship further, we generated a linear
regression using the ‘lm’ function in R to model total observed leaves by a given female
as a function of her total observed chatters. Based on the model, male-directed chatter
count significantly predicted total leave count (R2adj = 0.40, F1,10 = 8.35, P = 0.02). Thus,
our results suggest that individual females vary in their propensity to chatter or leave,
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and these actions may constitute alternative strategies for evading male courtship
attempts.

Figure A.7 Chatter jams male song and inhibits copulatory displays
(a) Set-up of the playback jamming experiments (see Methods for details). (b). Examples
of stimuli used in experiment 2. Clockwise from top left: song alone (control), song
jammed by low-pass filtered white noise (100 Hz–4 kHz), song jammed by high-pass
filtered (HP) chatter (>4 kHz) and song jammed by natural chatter. Stimuli were
presented pseudorandomly at 90 min intervals. (c) Proportion of control and jammed
song stimuli eliciting female copulation solicitation displays (CSDs) in experiment 1. (d)
Proportion of control and jammed song stimuli eliciting female CSDs in experiment 2.
Error bars represent ± 1 SEM. ∗P = 0.01; ∗∗∗P < 0.0001.
Chatter Reduces Song Potency in Playback Jamming Experiments
If signal jamming via chatter effectively reduces the potency of male song,
playback of female chatter calls concurrent with playback of song should reduce female
CSD responses. In the first set of playbacks, females (N = 7) produced significantly fewer
CSDs when chatter was played concurrently with song compared to when the same song
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was played alone (GLMM: z = -4.52, P < 0.0001; Figure A.7c; Appendix, Table A.A1).
These results indicate that the same chatter vocalization can effectively jam a variety of
different songs, which is ethologically relevant given that a single female may receive
song from multiple males. We also observed a significant interaction effect between
potency and signal jamming (likelihood ratio test: c24 = 33.66, P < 0.0001). While this
suggests that signal jamming is disproportionately effective at neutralizing the effect of
high-potency songs, the detected interaction may also be the product of a floor effect on
the low-potency songs.
In the second playback experiment, we presented females (N = 13) with the same
song stimuli but varied the acoustic nature of the jamming stimulus. The three jamming
stimuli (Figure A.7b) included pre-recorded chatter calls from six different females, lowpass filtered (100 Hz – 4 kHz) white noise and high-pass filtered (>4 kHz) chatter calls
that were specifically designed to avoid overlapping with the frequency range of the male
introductory note clusters. While all jamming treatments significantly reduced song
potency relative to the control stimuli (i.e. songs alone), natural chatter calls had the
greatest negative effect on female CSD responses (Figure A.7d; Appendix, Table A.A2).
These results demonstrate that different chatter vocalizations are similarly effective at
jamming male song. Furthermore, HP chatter was significantly less effective than
natural chatter (Tukey post hoc test: z ratio = -3.03, P = 0.01), consistent with the
prediction that low frequencies in the chatter call (i.e. <4 kHz) are important in reducing
song potency. The effect of white noise did not significantly differ from natural chatter (z
ratio = -1.11, P = 0.68) or HP chatter (Tukey post hoc test: z = 2.06, P = 0.17).
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A.4: Discussion
In this study, we aimed to elucidate the function of the female chatter call during
cowbird courtship, hypothesizing that it may play a role in (1) attracting or sustaining
male attention, (2) forming or maintaining pair bonds or (3) signal-jamming the songs of
males. We did not find support for the hypothesis that chatter elicits male attention, as
the vast majority of male-associated chatter calls immediately followed rather than
preceded male actions (Figure A.2). In addition, chattering did not appear to encourage
continued courtship, as response chatters did not increase the likelihood that males
would sing to a female again (Figure A.3). In contrast, we did find support for the
hypothesis that early-season chatter is involved in pair bond formation. Females
preferentially chattered in response to songs from pair-bond males in the weeks leading
up to the start of copulations. However, during the middle of the breeding season,
females exhibited similar probabilities of chattering towards pair-bond and non-pairbond males (Figure A.4a). The distinct phenological pattern of chatter use towards pairbond and non-pair-bond males suggests that female calls may serve different functions
at different stages in the breeding season.
We also found support for the signal jamming hypothesis. Consistent with recent
evidence that call timing is under tight neural control (Benichov et al., 2016), female
chatter calls were time-locked to male vocalizations, frequently occurring within the first
500 ms of male song onset (Figure A.5). Because the typical durations of song and
chatter are similar (Figure A.1), chattering just before or after male song reliably jams
the majority of the song. In addition to its temporal characteristics, the acoustic
structure of chatter is consistent with a signal jamming function. The chatter call's
highest spectral power (2-5 kHz) specifically coincides with the frequency of male song
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introductory note clusters (Figure A.1), which are the components thought to be
primarily responsible for inducing female copulatory responses in cowbirds (King et al.,
1986; West et al., 1979). The playback jamming experiments provide support for this
interpretation, as natural chatter reduced male song potency more effectively than did
high-pass chatter (>4 kHz) (Figure A.4d) despite retaining the same amplitude and
duration. Signal jamming via chatter may reduce song potency by increasing the entropy
of incoming song syllables, as increased entropy is a predictor of reduced song potency in
cowbirds (Gersick & White, 2018).
While the timing, structure and effect of female cowbird vocalizations are
consistent with a jamming function, the motivation for this behaviour remains uncertain.
Signal jamming results in a loss of information content (Brumm & Slabbekoorn, 2005)
and likely incurs an energetic cost to the initial signaller (Eberhardt, 1994; O’Loghlen &
Rothstein, 2010a), and thus tends to occur in cases of conflict (Corcoran et al., 2009;
Corcoran & Conner, 2014; Grafe & Bitz, 2004; Tobias & Seddon, 2009). Inter-sexual
conflict in cowbirds may arise over optimal number of mates, mate quality or mating
frequency (Louder, Hauber, et al., 2019; Rice & Holland, 1997). Below, we suggest three
potential functions of female signal jamming in cowbird courtship–mate guarding,
female resistance and attending to more reliable indicators of mate quality–all of which
are driven by sexual conflict. Finally, we also discuss the possibility that cowbird vocal
interactions may be inherently cooperative.

Acoustic Mate Guarding
As has been proposed in other species that exhibit interruption during duets
(Grafe & Bitz, 2004; Slater et al., 2002; Tobias & Seddon, 2009), acoustic mate guarding
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is a potential explanation for the vocal behaviour of female cowbirds. Signal jamming via
chatter reduces the perceived potency or attractiveness of male song (Figure A.7),
potentially inhibiting a male's ability to attract or copulate with other females. Early in
the breeding season, when pair bonds are forming but copulations have not yet begun to
occur (Figure A.4a), females may increase response chatter rates to restrict the ability of
preferred males to court and pair with other females. Other females may also avoid
pairing with a male that is actively being guarded (Slater et al., 2002). Later in the
season, when pair bonds have been solidified and copulations are occurring (Figure
A.4a), mate guarding via signal jamming could ensure that females have unrestricted
access to their pair-bond males.
In cowbirds, mate-guarding behaviour may be driven by sexual conflict over the
optimal number of mates. Recent genetic evidence indicates that cowbirds conform to
Bateman's principle: male fitness tends to increase with the number of mating partners
whereas female fitness does not (Bateman, 1948; Louder, Hauber, et al., 2019). Thus,
males may be incentivized to seek extrapair copulations at the expense of their pair-bond
female. While female cowbirds apparently do not gain any direct benefits from their pair
bond (Hauber & Dearborn, 2003; Yokel & Rothstein, 1991), they may benefit from
retaining exclusive access to their preferred male for breeding. The pair bond
relationship may increase female fecundity by ensuring continued reproductive
stimulation via courtship (explored below), potentially providing insight into why a
brood-parasitic species without parental care should exhibit a socially monogamous
mating system.
The finding that females often chattered earlier in duets with their pair bonds
(Figure A.5b) also lends support to the mate-guarding interpretation. Although the
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difference in mean timing between pair-bond and non-pair-bond males was marginally
nonsignificant, the relationship warrants future investigation using larger sample sizes.
More precise time-locking or earlier interruption should result in improved signal
jamming, and females would be expected to preferentially guard their own mates over
other males. The marginal difference in female duet timing may also be a product of
greater familiarity with the cadence of the pair-bond male's stereotyped song spread
display (Cooper & Goller, 2004), thereby allowing females to better predict their mates'
song onset and time their chatters accordingly. Alternatively, it is possible that females
are more stimulated by song of their pair-bond males compared to the songs of other
males, on average, and thus it may be more important to jam the songs of their pairbond males as a resistance mechanism (explored below).

Female Resistance
The chase-away model of sexual selection (Holland & Rice, 1998) is a theoretical
positive feedback loop wherein males evolve increasingly stimulatory displays to the
detriment of female fitness (‘antagonistic seduction’), which in turn leads females to
evolve ever greater resistance to such stimulation to the detriment of male fitness. While
many discussions of female resistance have invoked the evolution of preference
thresholds and sensitivities relative to male signals (Gavrilets et al., 2001; Holland &
Rice, 1998; Rowe et al., 2005), a female's behavioural state at a given point in time may
be more important than male signal potency per se in determining whether this
threshold is reached (Perkes et al., 2020). Thus, flexible vocal mechanisms (e.g. signal
jamming) that mediate female responses to stimulating courtship displays may provide a
novel mode of resistance to male coercion, allowing females to maintain control over
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reproductive outcomes even in heightened motivational states. Notably, the increase in
female response chatter probability roughly coincides with the time that females move
into breeding condition (Figure A.4a) and become more sexually responsive to male
songs. Furthermore, females used response chatters less selectively in the middle of the
breeding season (Figure A.4a), which may reflect the need to jam songs from all males
(both pair-bond and non-pair-bond alike) during this period.
If male songs have the potential to be coercive–either in terms of eliciting the
CSD response itself, or in stimulating a female to invest in a given male beyond what is
optimum for her own fitness–females would benefit from signal jamming by retaining
control over mate choice, regulating mating frequency or assessing a male's persistence
as a proxy for quality (Arnqvist, 1992; J. Byers et al., 2010; Holland & Rice, 1998).
Employing the general strategy of resisting copulation attempts via signal jamming may
enable females to select for the most persistent and viable males, as these are the only
individuals that can successfully elicit a copulation. Indeed, courtship persistence is the
strongest predictor of copulation success in male cowbirds (White, King, et al., 2010).
Intrasexual competition has been suggested to drive the evolution of coercive and
harmful male mating traits (Brennan & Prum, 2012) and could result in the evolution of
more potent or stimulatory vocalizations. The male-biased sex ratio and lack of male
territoriality in cowbirds results in intense maleemale competition (Yokel, 1989; Yokel &
Rothstein, 1991), and male dominance hierarchies are determined and maintained
through countersinging bouts (Rothstein et al., 1988). Thus, it is possible that
intrasexual selection on males is the primary driver for increased song potency but also
renders songs hyperstimulatory in courtship contexts. Consistent with this scenario,
male cowbird song has among the highest frequency range, frequency maximum and
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modulation rate of any known songbird (Greenewalt, 1968; West et al., 1979). Increases
in song potency via intrasexual selection could in turn lead to sexually antagonistic
coevolution between male and females, as females would be under selection to jam
coercive signals, and males would be under selection to evade the jam.

Attending to Visual Display Components
Across taxa, successful courtship displays rely on multimodal components
(Mitoyen et al., 2019). In male cowbirds, song production occurs concurrently with a
bowing display known as the ‘song spread’ (Cooper & Goller, 2004; Friedmann, 1929).
This visual component of the male cowbird display is known to be a target of female
preference (O’Loghlen & Rothstein, 2010, 2012), and the iridescence of male plumage
reflects male nutritional status during moult (McGraw et al., 2002). Furthermore, song
potency alone (as measured by the laboratory CSD assay) does not always correlate with
male reproductive success in aviaries (White, King, et al., 2010), implying that females
may attend to other characteristics (e.g. body size, plumage quality, bow intensity) when
choosing a mate.
While there is evidence that the iridescent plumage of male cowbirds is an honest
signal of condition (McGraw et al., 2002), song may not be a reliable signal of male
quality. Because any juvenile male raised without aggressive adult males in his social
rearing environment will develop a superpotent song (King & West, 1977; West & King,
1980, 1988a; White et al., 2002), cowbird song quality does not appear to be indicative
of ‘good genes’. Rather, the honesty of the male signal is likely regulated by the social
environment (West & King, 1980), as a male must be sufficiently dominant to defend
singing a potent song (White, King, et al., 2010). However, potent songs may be wielded
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dishonestly. Males can modulate their song potency based on social context (Gersick &
White, 2018), and thus subordinate males could sing highly potent songs when dominant
males are not in the immediate vicinity. The flexibility of male acoustic signals may lead
to selection on females to account for other characteristics in mate choice, and signal
jamming offers a potential mechanism to facilitate female evaluation of multimodal male
traits.
In other species, such as the deafeningly loud white bellbird, Procnias albus,
females balance the risks of approaching a male (i.e. potential hearing damage) with the
apparent benefits of assessing male quality from close range (Podos & Cohn-Haft, 2019)
(Podos & Cohn-Haft, 2019). Female cowbirds may face similar risks, as male song
potency increases with proximity to the singer (King et al., 1981). Thus, signal jamming
may allow females to assess the visual components of a male display at close range while
remaining (1) unaffected by the acoustic component that is responsible for driving the
CSD response or (2) unbiased by a potentially dishonest signal. Furthermore, males that
are worthy of closer inspection may be more likely to have their songs jammed by chatter
calls, which may offer an explanation for why–in the absence of other information–
chatter is used as a mate choice copying cue by other females (Freed-Brown & White,
2009).

Sexual Cooperation
While we have thus far interpreted signal jamming as an indicator of sexual
conflict, it is also possible that cowbird duets are inherently cooperative. Although
cowbirds do not jointly defend resources or territories, duetting may function to
coordinate reproduction or signal receptivity to courtship. For instance, increases in
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response chattering may serve as an indicator that females are transitioning into
breeding condition (Figure A.4a), and this cue could then stimulate pair-bond males to
subsequently increase their courtship efforts (Figure A.4b).
Another possibility is that male courtship motivates a female to chatter (Figure
A.2) but the chatter call itself is self-stimulatory. Similar mechanisms operate in ring
dove, Streptopelia capicola, courtship, where male song stimulates the female to
produce a nest coo, but her own vocalization transitions her into a reproductive state
(Cheng, 1992). The role of vocal self-stimulation in modulating endocrine physiology
may be a widespread phenomenon (Ball & Balthazart, 2009). Because oestrogen can act
directly on the auditory forebrain to enhance auditory responses (Remage-Healey et al.,
2008, 2010b), it is also possible that the act of chattering increases the perceived potency
of a male's song over time, eventually culminating in copulation. In addition, signals that
originate from conflict may evolve towards cooperation in pair-bonding species, and a
signal that initially caused the female to overinvest may become necessary for baseline
reproductive stimulation (Servedio et al., 2019).
Recent work has demonstrated a positive correlation between female chatter
frequency and reproductive output (Kohn, 2018), which may warrant future research
into a mechanistic link between chattering and egg laying in cowbirds. In contrast to
chattering, female leaving in response to male song correlates negatively with
reproductive output (D. J. White., personal observation), likely because it discourages
subsequent male courtship attention (Figure A.3) and reduces opportunities for female
reproductive stimulation. Furthermore, females that leave rather than chatter (Figure
A.6) may guard their mates less effectively and incur costs associated with nonexclusive
access to their pair-bond male. While the precise time-locking of female jamming
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suggests a conflictive dynamic, we acknowledge that the hypotheses outlined here are
not mutually exclusive and may act synergistically in the context of courtship.
Table A.1 Ethological context of observed chatter calls during focal sampling

Chatter context

% All chatters observed,
averaged across females

% Male-directed chatters
observed, averaged across
females

Following male song

31.2 (± 7.0)

42.2 (± 7.4)

Following male
approach

29.6 (± 7.0)

45.0 (± 8.0)

Following male fly-by

1.4 (± 0.6)

2.4 (± 1.1)

Following distant
male flight whistle

0.4 (± 0.2)

0.7 (± 0.5)

Between male actions

3.9 (± 1.8)

5.3 (± 2.0)

Preceding male song

1.1 (± 0.6)

1.9 (± 1.0)

Preceding male
approach

1.2 (± 0.6)

2.1 (± 1.0)

Preceding male
pursuit

0.2 (± 0.1)

0.4 (± 0.2)

Unclear

28.7 (± 6.2)

–

Following female
action

2.4 (± 1.3)

–

Values are means ± SE.

A.5 Conclusions
We have presented evidence that female cowbirds use the chatter call to signaljam male songs during courtship, which effectively reduces male song potency. While the
function of signal jamming remains unclear, we suggest that it may allow females to
acoustically guard their mate, resist coercive male signals or more accurately assess
multimodal display traits. In addition to conflictive explanations for the observed duets,
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male and female cowbirds may also act cooperatively to coordinate reproduction.
Patterns of female chatter use varied across the breeding season, and increased response
chatters may play a role in pair bond formation in the weeks leading up to the onset of
copulations. Whether an increase in chatter frequency is the product or the driver of a
female's transition to a reproductive state remains to be tested. Future research is
necessary to untangle the possible explanations for the observed patterns of female
vocalizations in cowbirds, which could serve both conflictive and cooperative functions.
Because this study was conducted in aviaries, we acknowledge that we were likely
unable to capture all uses of the cowbird chatter call. For instance, chatter may be more
frequently used to summon males in the wild (Rothstein et al., 1988), where cowbirds
span wider areas (Rothstein et al., 1984) and pairs may be located further apart from one
another. Moreover, we only observed a small number of instances where females
chattered towards another female (Table A.1). This may be an artefact of the aviary
environment, as female-directed chatter is suspected to mediate territorial interactions
in the wild (Dufty, 1982a). Nevertheless, our study provides insight into the close-range
function of female chatter during courtship, revealing its apparent function in signal
jamming male song. In this case, conducting observations in naturalistic aviaries allowed
us to obtain a sample size and degree of resolution that would have been difficult to
achieve in a field study. The multiple hypotheses for the function of cowbird chatter need
not be mutually exclusive, and the role of chatter is likely dependent upon social context,
seasonality and female behavioural state.
In addition to demonstrating a pattern of courtship signal jamming in a broodparasitic species, this paper provides a conceptual framework that may have applications
in other contexts. Females of other avian species–including the closely related red160

winged blackbird, Agelaius phoenicius, and the distantly related house sparrow, Passer
domesticus–use similar broadband chatter vocalizations during courtship (Beletsky,
1985; Nivison, 1978), raising the possibility that similar dynamics are at play. We stress
the need for continued research into female vocalizations to test the hypotheses
presented in this discussion, and further studies of this kind will provide insight into the
complex interplay between sexual signals and incentives during courtship.
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Table A.A1 Output of the generalized linear mixed model for experiment 1
lme4 Model
glmer(femaleResponse ∼ Treatment∗Song + (Treatment | Female) + (1 | Date) + (1 |
Time), family = binomial), weights = possible, data = df, control = glmerControl
(optimizer = “bobyqa”))
Fixed effects

Estimate

SE

z

P

(Intercept)

−1.03

0.63

1.62

0.11

TreatmentChatter

−4.86

1.08

−4.52

6.25e-06∗∗∗

Song 2

−2.37

0.31

−7.60

3.35e-14∗∗∗

Song 3

−3.38

0.35

−9.63

<2e-16∗∗∗

Song 4

−3.12

0.36

−8.59

<2e-16∗∗∗

Song 5

−2.76

0.33

−8.43

<2e-16∗∗∗

TreatmentChatter:
Song 2

1.74

0.51

3.39

0.0007∗∗∗

TreatmentChatter: Song 3

3.07

0.54

5.64

1.73e-08∗∗∗

TreatmentChatter: Song 4

2.08

0.58

3.62

0.0003∗∗∗

TreatmentChatter:
Song 5

2.05

0.54

3.79

0.0002∗∗∗

Random effects

Variance

SD

N

Correlation

Female (Intercept)

2.21

1.49

7

–

Date (Intercept)

0.24

0.49

16

–

Time (Intercept)

0.21

0.46

8

–

Female (TreatmentChatter)

5.53

2.35

9

-0.01

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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Table A.A2 Output of the generalized linear mixed model for experiment 2
lme4 Model:
glmer(femaleResponse ∼ Treatment + Song + (1 | Female) + (1 | Date) + (1 | Time),
family = binomial, weights = possible, data = df2, control = glmerControl(optimizer =
“bobyqa”))
Fixed effects

Estimate

SE

z

P

(Intercept)

−1.10

0.53

−2.09

0.0367∗

TreatmentChatter

−3.45

0.50

−6.84

7.99e-12∗∗∗

TreatmentWhiteNoise

−2.82

0.43

−6.48

9.03e-11∗∗∗

TreatmentHPChatter

−1.88

0.32

−5.87

4.42e-09∗∗∗

Song 2

−1.03

0.37

−2.76

0.0058∗∗

Song 3

−1.64

0.42

−3.92

9.03e-05∗∗∗

Song 4

−1.09

0.39

−2.76

0.0059∗∗

Song 5

−1.70

0.45

−3.78

0.0002∗∗∗

Random effects

Variance

SD

N

–

Female (Intercept)

1.50

1.22

13

–

Date (Intercept)

0.98

0.99

15

–

Time (Intercept)

0.10

0.31

9

–

∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
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Figure A.A1 Number of days where scan-sampling data by aviary
For our analyses, we only included dates for which at least three aviaries were
represented (9 March – 10 June). Codes in the figure legend represent location (either
Philadelphia, PA, U.S.A., or West Flamborough County, ON, Canada) and year.
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APPENDIX B: 3D BIRD RECONSTRUCTION: A DATASET, MODEL, AND SHAPE
RECOVERY FROM A SINGLE VIEW
This section refers to work in: Marc Badger, Yufu Wang, Adarsh Modh, Ammon
Perkes, Nikos Kolotouros, Bernd G. Pfrommer, Marc F. Schmidt, and Kostas Daniilidis.
2020. “3D bird reconstruction: A dataset, model, and shape recovery from a single view.”
ECCV, 2020: pp 1-17.
Abstract: Automated capture of animal pose is transforming how we study
neuroscience and social behavior. Movements carry important social cues, but current
methods are not able to robustly estimate pose and shape of animals, particularly for
social animals such as birds, which are often occluded by each other and objects in the
environment. To address this problem, we first introduce a model and multi-view
optimization approach, which we use to capture the unique shape and pose space
displayed by live birds. We then introduce a pipeline and experiments for keypoint,
mask, pose, and shape regression that recovers accurate avian postures from single
views. Finally, we provide extensive multi-view keypoint and mask annotations collected
from a group of 15 social birds housed together in an outdoor aviary. The project website
with videos, results, code, mesh model, and the Penn Aviary Dataset can be found at
https://marcbadger.github.io/avian-mesh.
B.1 Introduction
Why computational ethology? Accurate measurement of behavior is vital to
disciplines ranging from neuroscience and biomechanics to human health and
agriculture. Through automated measurement, computational ethology aims to capture
complex variation in posture, orientation, and position of multiple individuals over time
166

as they interact with each other and their environment (D. J. Anderson & Perona, 2014).
Pose trajectories contain rich, unbiased, information from which we can extract more
abstract features that are relevant to brain function, social interactions, biomechanics,
and health. Studying neural functions in the context of natural social behavior is a
critical step toward a deeper understanding how the brain integrates perception,
cognition, and learning and memory to produce behavior. Pose trajectories reveal how
animals maneuver to negotiate cluttered environments, how animals make decisions
while foraging or searching for mates, and how the collective behavior of a group arises
from individual decisions. Automated capture of difficult-to-observe behaviors is
transforming diverse applications by streamlining the process of extracting quantitative
physiological, behavioral, and social data from images and video.

Figure B.1 Visual signals convey important social cues in birds.
Motions such as pecking (top left) and wingstrokes (bottom left) drive social behavior in
both males and females. Complex wing folding and large changes in body volume when
feathers are puffed (upper right) make shape recovery (lower right) a difficult task.
Images from [38] and [2]
Why does bird posture matter? Why cowbirds? Understanding how the
collective behavior of social groups arises from individual interactions is important for
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studying the evolution of sociality and neural mechanisms behind social behaviors.
Although vocalizations are a clear channel for communication in birds, surprisingly,
changes in posture, orientation, and position also play an important role in
communication. One of the best studied groups from both behavioral and neuroscience
perspectives are the brown-headed cowbirds (Molothrus ater). In cowbirds, females
influence the behavior of males through a number of visual mechanisms including
“wingstrokes”, which involve changes in both pose and shape over time (West & King,
1988a) (Figure B.1). Interactions between birds are usually recorded by observing a focal
individual’s interactions in person in the field. Although insightful, such manual
observations contain observer bias, miss interactions between non-focal individuals, and
cannot be performed continuously for long periods. Qualitative observations also miss
important variation in posture that would be revealed by a quantitative approach. For
example, Figure B.1 shows changes in pose and shape that can serve as social cues in
cowbirds. The ability to estimate the pose of multiple interacting individuals would
transform the study of animal communication (D. J. Anderson & Perona, 2014), as is it
beginning to do for humans (Joo et al., 2015, 2019; Pavlakos et al., 2019). Estimating the
pose and shape of birds in a social context, however, presents several challenges.
Why is estimating bird pose and shape challenging? Recovering shape
and pose of birds in the wild is challenging for the following four reasons:
1. Changes in pose and shape are difficult to model in birds.
2. No pose or shape priors are available.
3. Many birds are only visible from a single unoccluded view.
4. Appearance variation in natural settings makes detection difficult.
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Figure B.2 Appearance variation across conditions
There is dramatic variation in appearance across bird identity (top vs bottom) and across
viewpoint, time of day, and season (1st column vs. columns 2-4 respectively). The red box
within the left image of each panel shows the location of the enlarged crop (right image).
Shape is particularly difficult to model because birds have highly mobile feathers
that allow dramatic changes in both shape (e.g. tail fanning) and perceived body volume
(e.g. feather puffing in Figure B.1). Furthermore, when the wings are held next to the
body, they are folded in a complex way in which much of the wing surface becomes
sandwiched between the top of the wing and the body. These “internal” surfaces cannot
be recovered from scans of figurines with folded wings and figurines with wings in
intermediate poses are not available. In addition to modeling challenges, cowbirds
interact in a complex environment containing extreme variation in illumination and may
be heavily occluded either by vegetation by other birds in the group.
Animal posture is often described using joint angles derived from semantic
keypoints, joints, or other anatomical locations. This approach is attractive because
keypoints are easy to identify and can readily be localized by deeplearning-based
software packages such as DeepLabCut (Mathis et al., 2018), DeepPoseKit (Graving et
al., 2019), and LEAP (Pereira et al., 2019). Under heavy occlusion, however, even multiview setups frequently do not observe relevant keypoints from more than one view. One
solution is to lift the pose from 2D to 3D, but unlike for humans, researchers do not yet
have strong species-specific priors for tackling this problem. We overcome the
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limitations of directly using 2D keypoints and skeletons by fitting a 3D parameterized
mesh model with priors learned from a multi-view dataset.
Dataset. With the aim of creating a robust system for estimating the shape and
pose of multiple interacting birds over months-long timescales, we recorded the behavior
of 15 cowbirds housed together in an outdoor aviary over the course of a single threemonth mating season. Our carefully calibrated multi-view dataset contains large
variation in (i) bird pose, orientation, and position/depth, (ii) viewpoint across eight
cameras, and (iii) appearance across different lighting conditions (time of day and
weather) and seasons (Figure 2). Cowbirds have a nearly textureless appearance and
birds move freely and explore all three dimensions of their cage, producing a large range
of subject depth with respect to the camera. Importantly, both perched and flying birds
adopt postures covering a large range of motion in both orientation and pose.

Figure B2.3 The dataset and model.
We provide multi-view segmentation masks for over 6300 bird instances, keypoints for
1000 bird instances, the first articulated 3D mesh model of a bird, and a full pipeline for
recovering the shape and pose of birds from single views.
We annotated silhouette and keypoints for 1000 instances and matched these
annotations across views. Although 90% of annotated birds were visible from 3 or more
cameras, about half of the annotated instances were occluded to some degree. Only 62%
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of birds had more than one unoccluded view, highlighting the need for a single-view
approach.
After collecting keypoint and silhouette ground truth from multiple views, we fit
our avian mesh model using a multi-view optimization-based approach to learn a shape
space and pose priors. We then use the model and priors to train a neural network to
regress pose parameters directly from keypoint and silhouette data. These pose
parameters can be used to initialize a single-view optimization procedure to further
refine body pose and shape (Figure B.4). We use our dataset for learning instance
segmentation and keypoint localization, and for estimating bird pose and shape, but our
dataset could also be used in the future for learning Re-ID tasks.
In summary, our contributions are focused around the four challenges mentioned
previously:
1. We develop the first parameterized avian mesh model that is capable of capturing the
unique pose and shape changes displayed by birds.
2. We fit our mesh model to available multi-view keypoint and silhouette data using an
optimization-based approach to obtain an accurate shape space and pose prior.
3. We develop a neural network based pipeline for recovering the shape and pose of birds
from a single view.
4. We present a challenging multi-view dataset for studying social behavior in birds. The
dataset contains extreme variation in subject appearance and depth and many subjects
are fully or partially occluded in all but one view.

Figure B.4 Estimating pose from a single view
We estimate the 3D pose and shape of birds from a single view. Given a detection and
associated bounding box, we predict body keypoints and a mask. We then predict the
parameters of an articulated avian mesh model, which provides a good initial estimate
for optional further optimization.
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B.2 Related Work
Human pose and shape estimation. Recent advances in human pose estimation
have capitalized on i) powerful 2D joint detectors, ii) 3D pose priors, and iii) lowdimensional articulated 3D shape models of the human body. SMPL (Loper et al., 2015),
the most popular formulation, first deforms a template mesh using shape and pose
parameters learned from over 1000 registered body scans of people (Bogo et al., 2014)
and then uses linear blend skinning (LBS) to transform mesh vertices given a set of joint
angles. In SMPLify, Bogo et al. (Bogo et al., 2016) estimate 3D human pose and shape
from single images by fitting SMPL to 2D keypoints. Huang et al. (Huang et al., 2017)
extend SMPLify (Bogo et al., 2016) to the multi-view setting and show a positive effect of
silhouette supervision in addition to keypoints. Pavlakos et al. (Pavlakos et al., 2018)
estimate pose and shape directly from predicted keypoints and silhouettes in an end-toend framework. Recent approaches regress pose and shape directly from images and use
adversaries with access to a 3D pose dataset (Kanazawa et al., 2016), Graph-CNN
architectures (Kolotouros, Pavlakos, & Daniilidis, 2019), texture consistency (Pavlakos et
al., 2019), and model-fitting within the training loop (Kolotouros, Pavlakos, Black, et al.,
2019). All of the above methods base their approach on parameterized mesh models
indicating their critical importance for bridging between observation in 2D and
estimation in 3D. In contrast to previous works that rely on 3D scans and SMPL-like
models to develop meshes and shape spaces for novel domains such as hands (Romero et
al., 2017), faces (Li et al., 2017), and four-legged animals (Zuffi et al., 2017), we learn our
avian mesh model directly from video data of live birds.
Animal pose and shape estimation. Within biology, most work focuses on
isolated animals with no background clutter and few occlusions. Mathis et al. (Mathis et
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al., 2018) and Pereira et al. (Pereira et al., 2019) recently provided tools for training
convolutional neural networks for keypoint localization. Graving et al. (Graving et al.,
2019) localize keypoints on three datasets of fruit flies (Pereira et al., 2019), desert
locusts (Graving et al., 2019), and Grévy’s zebras (Graving et al., 2019). Günel et al.
(Günel et al., 2019) use a Stacked Hourglass network (Newell et al., 2016) for 2D
keypoint localization in flies and perform pictorial structures and belief propagation
message passing (Felzenszwalb & Huttenlocher, 2005) to reconstruct 3D pose from 2D
detections. Liu and Belhumeur et al. (J. Liu & Belhumeur, 2013) use HOG descriptors
and linear SVMs to localize bird parts in the more challenging CUB-200-2011 dataset
(Welinder et al., 2010). All of these works are based on the detection and direct
triangulation of 2D keypoints. A fundamental challenge, however, is that any particular
keypoint may not be visible from more than one view. Models that constrain the relative
position of keypoints, such as the parameterized mesh model we present here, overcome
this issue.
Two previous works use articulated graphics models to estimate the pose of flying
animals. Fontaine et al. (Fontaine et al., 2009) construct a 3D mesh model of a fruit fly
and estimate the fly’s trajectory and pose over time by fitting the model to three
orthogonal views. Breslav (Breslav, 2016) create a two-DOF 3D graphics model of a bat
and use a Markov Random Field to estimate the 3D pose of bats flying in the wild
captured with a multi-view thermal camera setup.
Animal shape estimation is a difficult task. Cashman and Fitzgibbon (Cashman &
Fitzgibbon, 2013) estimate the shape of dolphins. Ntouskos et al. (Ntouskos et al., 2015)
fit shape primitives to silhouettes of four legged animals. Vincente and Agapito (Vicente
& Agapito, 2013) obtain and deform a template mesh using silhouettes from two
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reference images. Kanazawa et al. (Kanazawa et al., 2016) learn how animals deform
from images by creating an animal-specific model of local stiffness. Kanazawa et al.
(Kanazawa et al., 2018) predict shape, pose, and texture of birds in CUB-200 by
deforming a spherical mesh, but do not model pose and thus the locations of wingtips on
the mesh are often topologically adjacent to the tail rather than near the shoulders. Zuffi
et al. (Zuffi et al., 2017) create a realistic, parameterized 3D model (SMAL) from scans of
toys by aligning a four-legged template to the scans. They capture shape using PCA
coefficients of the aligned meshes and learn a pose prior from a short walking video.
Zuffi, Kanazawa, and Black (Zuffi et al., 2018) fit the SMAL model to several images of
the same animal and then refine the shape to better fit the image data, resulting in
capture of both shape and texture (SMALR). Zuffi et al. (Zuffi et al., 2019) estimate 3D
pose, shape, and texture of zebras in the wild by integrating the SMAL model into an
end-to-end network regression pipeline. Their key insight was to first use SMALR to
pose an existing horse model and capture a rough texture of the target species. A
common feature of these approaches is that they create or leverage a parameterized
mesh model. The SMAL model was only trained on four-legged animals so the shape
space learned by the model is insufficient for modeling birds, which differ markedly in
both limb shape and joint angles. To overcome the lack of a statistical model for birds,
we add one additional degree of freedom to each joint and obtain a pose and shape space
from multi-view fits to live birds.
Datasets for animal pose estimation. Large-scale object recognition
datasets contain many species of animals including dogs, cats, birds, horses, sheep, and
more. MS COCO (Lin et al., 2014) contains 3362 images with bird mask annotations, but
no keypoint or pose annotations. The CUB-200 dataset (Welinder et al., 2010) contains
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11,788 masks and keypoint instances of birds in the wild. A fruit fly dataset (Pereira et
al., 2019) contains 1500 images with centered dorsal views of single flies walking in an
arena with a plain white background containing no variation or distractors. The desert
locust (800 images) and Grévy’s zebras (900 images) include other individuals in the
frame, but views are dorsal-only, centered, and narrowly cropped around a focal
individual. In contrast our multi-view dataset contains both masks and keypoints of
multiple, overlapping subjects and has large variation in relative viewpoint and complex
changes in background and lighting.
B.3 Approach
We use a boot-strapped, four-step approach to developing a full pipeline for 3D
bird reconstruction from single images (Figure 5). First we develop a parameterized
avian mesh and use a multi-view optimization procedure to fit the model to annotations
in our dataset. Because they use information from multiple views, these fits are generally
good and do not suffer from ambiguities that can plague pose estimation from single
views. It is enticing to deploy this multi-view optimization approach towards our endgoal of estimating the pose and shape of all birds over time, but it is slow (initialization is
usually far from the target) and requires multiple views in order to produce realistic
poses. Nearly 40% of the birds in our dataset were visible from one or fewer unoccluded
views, however, indicating the need for a single-view approach. Second, from the multiview fits, we extract distributions of shape and pose for birds in the aviary, which we use
to create a synthetic dataset on which we train neural networks that regress pose and
shape parameters from keypoints and silhouettes in a single view. Third, we train a
second network to predict an instance segmentation and keypoints given a detection and
corresponding bounding box. Finally, we connect the keypoint and segmentation
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network to the pose regression network. The full pipeline provides a pose and shape
estimate from a single view image, which can be used to initialize further optimization
(Figure B.4).

Figure B.5 Overall approach for recovering bird pose and shape from a
single view
See Figure B.4 for a detailed view of the final pipeline.
Bird detection in full images. We detect bird instances using a Mask R-CNN
pretrained on COCO instance segmentation. We removed weights for non-bird classes
(leaving bird and background) and then fine-tuned all layers on our dataset for 15 epochs
in PyTorch.
Keypoints and silhouette prediction. We train a convolutional neural
network to predict keypoints and a silhouette given a detection and corresponding
bounding box. We modify the structure of High-Resolution Net (HRNet) (Sun et al.,
2019), which is state-of-the-art for keypoint localization in humans, so that it outputs
masks in addition to keypoints. Our modified HRNet achieves 0.46 PCK@05, 0.64
PCK@10, and 0.78 IoU on our dataset.
Skinned linear articulated bird model. To define an initial mesh, joint
locations, and skinning weights, we used an animated 3D mesh of a bird model
downloaded from the CGTrader Marketplace website. The model originally contained
18k vertices and 13k faces, but we removed vertices associated with body feathers, eyes,
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and other fine details to obtain a mesh with 3932 vertices, 5684 faces, and 25 skeletal
joints (including a root joint, which is used for camera pose). We use the skinning
weights defined in the original file. In addition to skeletal joints, we define 12 mesh
keypoints that correspond to the annotated semantic keypoints in our dataset. We obtain
keypoint locations by identifying up to four mesh vertices associated with each keypoint
and averaging their 3D locations.
To pose the model, we specify a function M(α, θ, γ, σ) of bone length parameters
α ∈ ℝJ for J joints, pose parameters θ ∈ ℝ3J specifying relative rotation of the joints (and

the rotation of the root relative to the global coordinate system) in axis-angle

parameterization, global translation inside the aviary γ, and scale σ, that returns a mesh
M ∈ ℝN×3 , with N = 3932 vertices. Unlike SMPL (Loper et al., 2015) and SMAL (Zuffi et

al., 2017) models, we do not have access to 3D ground truth variation in shape, which
prevents the use of shape coefficients drawn from a learned PCA shape space. We

mitigate this limitation by including an additional degree of freedom per joint, αi , that
models the distance between parent and child joints, thereby capturing variation in the
relative length proportions of the body and limb segments. When birds perch, their
wings fold in on themselves and we found that this large deformation is not well modeled
by LBS of a single bird mesh model (it is also difficult to capture and register in 3D
scans). To overcome this limitation, we use two template poses with identical mesh
topology, bones, skinning weights, and keypoints, but with different initial postures: one
for birds with their wings outstretched and another for birds with their wings folded
(Figure B.6). Finally, we also include an overall scale parameter to allow for consistent
3D multi-view estimation among cameras.
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Figure B.6 Our model is capable of capturing both perched and flying poses
To form the mesh into a given pose, we modify the approach used in SMPL
(Loper et al., 2015) and SMPLify (Bogo et al., 2016) to allow variable bone lengths.
Starting with a template mesh MT in a canonical pose with joint locations J ∈ ℝJ×3 , we
first calculate the position of each joint i relative to its parent as

(1)
We then multiply this vector by αi to adjust the distance between the two joints
and form a new skeletal shape J‘, still in the canonical pose, with joint locations

(2)
where A(i) is the ordered set of joint ancestors of joint i (i.e. all joints
encountered moving along the kinematic tree from joint i to the root). Finally, J‘ = J(α) is
transformed into the final pose using the global rigid transformation Rθ(·) defined by
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pose and root orientation parameters θ, and a LBS function W(·;MT ) is applied. The final
mesh vertices are

(3)
The positions of 3D keypoints are calculated as P(M(α, θ, γ)), where P(M) : ℝN×3

7→ ℝK×3 and K is the number of keypoints. In practice P is simply the average of four

selected mesh vertices for each semantic keypoint.

Optimization. To fit our bird model to detected keypoints, we introduce a
fitting procedure similar to SMPLify, an optimization-based approach originally
described by Bogo et al. (Bogo et al., 2016). Unlike SMPLify, we capture among
individual variation using bone length parameters rather than body shape parameters
and we fit to semantic keypoints rather than joint locations. We minimize an objective
function with a keypoint reprojection error term and silhouette error term for each
camera i, two pose priors, and a prior on the relative 3D distances between joints.

Specifically, we minimize:

(4)

with

(5)

and

(6)
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Equation 5 is a weighted reprojection penalty (using the robust GemanMcClure
function ρ (Geman, 1987)) between keypoints Pi and the projected mesh keypoints
ΠKi,Ri,ti (P(M(α, θ, γ))) for pinhole projection function Π(x) = K[R|t] x. The bone lengths,
α, are the distances between parent and child joints, θ are the pose parameters, γ is the
translation in the global reference frame, Ki , Ri , and ti are the intrinsics, rotation, and
translation, respectively, used in perspective projection for camera i, and Pi are the
detected or annotated 2D keypoint locations in the image. Equation 6 penalizes
differences between an annotated mask Si and a rendered silhouette RKi,Ri,ti (M(α, θ, γ))
obtained using Neural Mesh Renderer [18]. Eθ(θ) = |θ − θo| is a pose prior that penalizes
the L1 distance from the canonical pose θo. Ep(θ) = max(0, θ − θmax) + max(0, θmin − θ)
linearly penalizes joint angles outside defined limits θmin and θmax and Eb(α) = max(0, α −
αmax) + max(0, αmin − α) penalizes bone lengths outside limits αmin and αmax. In the
single-view setting, the pose prior (Eθ) and joint angle (Ep) and bone length (Eb) limit
losses are disabled and we use the Mahalanobis distance to the distribution of multi-view
pose and shape estimates instead. We minimize the objective in 4 using Adam (Kingma
& Ba, 2014) in PyTorch.
Synthetic data and pose and shape regression. After performing
multiview optimization on 140 3D bird instances in our annotated dataset, we fit a
multivariate Gaussian to the estimated pose parameters (pose, viewpoint, and
translation). We then sample 100 random points from this distribution for each bird
instance, project the corresponding model’s visible keypoints onto the camera and
render the silhouette, generating 14,000 synthetic instances for training. We keep the
bone lengths of the original 140 instances, but add in random noise to the bone lengths
for each sample.
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We train pose and shape regression networks on the 14,000 synthetic singleview
instances supervised by the ground truth pose and shape parameters. For the pose
regression network inputs are 2D joint locations and targets are 3D rotations, which are
first transformed to the representation proposed by Zhou et al. (Zhou et al., 2019) before
computing the L2 loss. The pose regression network is an MLP with two fully connected
layers with the final layer outputting 25 ∗ 6 + 3 translation parameters. The shape

regression network takes in a mask and contains one 5 × 5 convolutional layer followed
by four 3 × 3 convolutional layers and a fully connected layer with 24 outputs,
corresponding to the 24 bone lengths. Each convolutional layer is followed by batch
normalization and max-pooling layers. Training was performed for 20 epochs using
Adam.
B.4: The cowbird dataset
Image acquisition and aviary details. We captured video of 15 individual
cowbirds (Molothrus ater) in an outdoor aviary from March to June using eight
synchronized cameras recording 1920 × 1200 images at 40 Hz. The aviary is 2.5 meters
in height and width and is 6 meters long. Cameras were positioned in the corners and
oriented so that their combined fields view provided maximal coverage of the aviary
volume by least four cameras. Intrinsic parameters were estimated for each camera using
a standard checkerboard and the camera calibration package in ROS. Extrinsic
parameters for camera orientation and translation were estimated online via the
TagSLAM package (Pfrommer & Daniilidis, 2019) using arrays of fiducial markers
permanently attached to the aviary walls.
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Dataset annotation and statistics. From the above recordings, we exported
sets of synchronous frames from 125 “moments” (1000 images) drawn from 10 days
uniformly distributed over the recording period (an average of 12.5 uniformly distributed
moments each day). On all images, we exhaustively annotated instance segmentation
masks for all visible birds, producing over 6355 masks and bounding boxes. On a subset
of 18 moments across six of the 10 days we also annotated the locations of 12 semantic
keypoints on a total of 1031 masks (Figure B.3). We annotated the bill tip, right and left
eyes, neck, nape, right and left wrists, right and left wing tips, right and left feet, and the
tail tip. Statistics on the visibility of keypoints (Table S7) and a comparison with other
animal datasets (Tables S4, S5) are in the supplementary material.
We manually associated keypoint annotations within each moment across
camera views to create 3D instance ID tags. From the 3D instance ID tags, 64%, 26%,
and 10% of birds were fully or partially visible from four or more cameras, three
cameras, and two or fewer cameras, respectively (Supplementary Table S6). The average
width × height of bird masks was 68 × 75 pixels (or ≈ 5% of image width; the 5th and
95th percentiles of bird max dimensions were 17 × 19 and 239 × 271 pixels, respectively).
We provide four types of test/train splits: by moment, by day, by time of day (morning
vs. afternoon), and by season (March and April vs May and June). Birds wore colored
bands on their legs that, when visible, could provide the true ID of the bird, but we leave
the potential application of this dataset to the Re-ID task for future work.
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B.5 Experiments
Detection. We first evaluate the performance of Mask R-CNN on instance
segmentation of birds using our dataset. We show excellent generalization (AP = 0.52)
when predicting masks on unseen days in the test set (Figure B.7). Further analyses and
performance on additional splits of the dataset (e.g. split by time of day or season) are
provided in Supplementary Table S1.

Figure B.7 Instance detections across a range of conditions
These images show instance detections made by a fine tuned Mask R-CNN network over
a large range of lightning conditions and views. Best viewed in color.
Multi-view optimization. We fit our articulated avian mesh model to annotations
corresponding to each 3D bird instance in our keypoint dataset. We fit using all keypoint
labels from all available views. We present qualitative results in Figure B.8. Our fitting
procedure resulted in many plausible results but also in many failure cases, shown in the
bottom row of Figure B.8. From the multi-view fits, we obtained a pose and shape space
for the mesh model, which we display in the supplementary video. We perform an
ablation experiment to investigate the effects of pose priors and joint and bone limits on
performance in the single-view setting. For each ablation, we remove the corresponding
term from the objective and report its effect on the accuracy of projected mesh keypoints
and silhouettes, which we report in Supplementary Table S3. We measure keypoint
accuracy relative to ground truth keypoints using PCK at two thresholds calculated based
183

on the largest dimension of the bounding box and we measure the accuracy of the
projected silhouettes using IoU with ground truth masks. We budget 500 iterations for
fitting each instance for all settings. The PCK increased as we removed the pose prior
and bone limit (but not pose limit) terms from our objective. This increase indicates the
model is achieving a better fit to the keypoints, potentially at the cost of producing an
unrealistic fit, as might be indicated by the simultaneous decrease in IoU as priors are
removed.

Figure B.8 Multi-view optimization-based fits of the bird mesh
These images show the process of multi-view optimization-based fits of the bird mesh to
keypoint and mask annotations in our dataset (upper section). Failure cases are shown in
the lower section.
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Do silhouettes improve multi-view optimization? We compared fits of the
model with and without the silhouette term (Equation 6) in the objective. The silhouette
term improves IoU while only slightly affecting keypoint error (Table B.1). More
importantly, the silhouette term allows the model to better capture changes in shape
produced during feather puffing (Figure B.1).
3D shape and pose recovery from a single view. Our single-view pipeline
produces poses that are consistent across views (Table B.2, Supplementary Figure S1).
To overcome scale ambiguity, we fix pose and shape and then find the Procrustes
transformation (translation, rotation, and scaling) that minimizes keypoint reprojection
error in each additional view. We also perform experiments to evaluate the individual
components of our full pipeline (Table B.3). We first compare pose regression alone (i.e.
not optimizing after regression), singleview optimization alone (i.e. not initialized by
pose regression network), and the full pipeline. Although the regression network alone is
less “accurate” than single-view optimization (Table B.3), the pose regression network
produces good estimates of global pose, which allows optimization to proceed much
faster. Additional examples are shown in Figure B.9. Finally, we demonstrate that our
model and bone length formulation generalize to similar bird species in the CUB-200
dataset (Supplementary Figure S3).
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Figure B.9 Regression-based recovery of bird pose and shape from a single
view
Each panel shows the input image and refined mesh (see Figure B.4)
Table B.2 Ablation study of the silhouette term in the multi-view
optimization setting
PCK@05 and PCK@10 denote percent correct keypoints within 5% and 10% of bounding
box width, respectively. Silhouettes improve IoU with minimal effect on keypoint error.
Weight ratio (kpt:mask) PCK@05
PCK@10
IoU
keypoints only
N/A
0.356
0.631
0.540
keypoints + mask
10:1
0.355
0.637
0.560
keypoints + mask
1:1
0.328
0.618
0.624
Failure cases. Occasional failures resulted in unnatural poses, which are shown
in Supplementary Figure S2. To evaluate the cause of these failures, two annotators
inspected the same random sample of 500 crops and rated their confidence in each
bird’s pose (confident, semi-confident, not-confident). They then rated the predicted
keypoints as good or bad for all crops. Finally, they viewed the mesh fits and rated each
as a success or failure. We found that 84% of confident, 35% of semi-confident, and 12%
of not-confident crops were fit successfully. Bad keypoint detection was responsible for
60% of failures. Even good fits are not perfect, particularly in the tail and feet. Adding
more degrees of freedom to the model, such as tail fanning, and annotating additional
keypoints on the toes would improve these areas.
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Table B.2 Cross-view PCK and IoU of projected meshes from the single-view
pipeline.
Values are averaged across all views except the view used to obtain the mesh. Ground
truth pipeline input means the keypoint and mask network predictions (Figure A.4) are
replaced by ground truth annotations.
Pipeline input
PCK@05
PCK@10
IoU
predictions
0.313
0.632
0.589
ground truth
0.332
0.635
0.586

Table B.3 Same-view evaluation of the sing-view pipeline and ablations.
Regression and optimization are performed using keypoint and mask predictions and
evaluated against ground truth. Additional results are presented in Supplementary Table
S2
regression
optimization
reg. + opt.

PCK@05
0.104
0.331
0.364

PCK@10
0.318
0.575
0.619

IoU
0.483
0.641
0.671

B.6 Conclusions
We present an articulated 3D model that captures changes in pose and shape that
have been difficult to model in birds. We provide a novel multi-view dataset with both
instance masks and keypoints that contains challenging occlusions and variation in
viewpoint and lighting. Our single-view pipeline recovers cross-view consistent avian
pose and shape, and enables robust pose estimation of birds interacting in a social
context. We aim to deploy our pipeline in the aviary to better understand how individual
interactions drive the formation of avian social networks.
An interesting feature of birds is that variation in a single individual’s shape
across time can be much larger than overall shape variation among individuals (e.g. due
to feather fluffing shown in Figure 1). In the future, it will be interesting to apply our
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pipeline to video data and additional species to develop a more nuanced model of how
shape varies across time, individuals, and species.
Capturing 3D pose is critical to understanding human and animal health and
behavior. Pose data produced by our pipeline will be useful for addressing how flying
animals maneuver, negotiate cluttered environments, and make decisions while foraging
or searching for mates, and how the collective behavior of a group arises from individual
decisions.
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